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ABSTRACT
The Reduction, Sequestration, and/or Coordination of Technetium-99
Utilizing Polyoxometalates and Nanomaterials
by

Colleen Meghan Brent Gallagher

Advisors: Lynn Francesconi, Benjamin Burton-Pye

Research into the sequestration of radionuclides from aqueous media is being conducted
due to the contamination of aqueous waste effluents and groundwater with highly toxic long-lived
radionuclides. These contaminants are introduced into water and streams from legacy nuclear sites,
nuclear reactor operations, nuclear fuel reprocessing, nuclear weapons testing, and plutonium
production. A major contributor (~6%) to the waste from thermal neutron fission of uranium-235
is the radionuclide technetium-99 (99Tc). It is considered a long-lived radioisotope with a half-life
of 2.1x105 years. It is a weak beta emitter with a max energy of 0.29 MeV and is most prevalent
in its oxidized form, which predominantly exists as pertechnetate (Tc(VII)O4-). This contaminant
is of concern in aqueous streams because of its inert nature that allows it to spread at nearly the
same rate of water flow. To mediate this feature, reducing 99Tc has been the common approach
because it is more reactive and less mobile when in a reduced state. The foundation of this work
involves utilizing various materials to investigate the reducing and binding potentials of different
iv

functionalized surfaces. The breadth of this work includes the nanomaterials of titanium dioxide,
graphene oxide, a nanocomposite of those two materials, as well as a variety of polyoxometalates
(POMs). Titanium dioxide is of great interest because it has already shown to be a good material
for removing toxic materials from the environment. Furthermore, it has a strong reduction potential
and is found to be chemically inert in a variety of environments. Graphene oxide (GO) is an ecofriendly platform with a large surface area that provides tunability due to its functionalization. It
is speculated that the combination of these two materials will allow for robust reduction in aqueous
solutions. By utilizing a sol-gel method, a titanium dioxide-graphene oxide composite (TGO) was
made. Polyoxometalates (POMs) are inorganic metallic compounds. They typically have at least
three transition metal oxyanions linked together by oxygen atoms that together make up a threedimensional structure. Due to their multi-electron reducing capabilities, POMs are studied to not
only facilitate reduction of 99Tc, but also for their ability to bind to metals and possibly sequester
99

Tc.
The work contained herein involves several projects that all involve reducing

99

Tc(VII)

either in solution, onto the surface of a substrate, or incorporating it into a structure. The first two
projects involve studying the incorporation of

99

Tc into soluble metal oxides to gain molecular

level understanding of the redox coordination of 99Tc. Both of these projects utilized POMs, more
specifically the Keggin structure. The first Keggin POM project identified a novel 99Tc-substituted
structure that could potentially be used to help expand standard reference data for 99Tc compounds
in a variety of oxidation states. The second POM project examined strategies to elucidate reduction
capabilities of various Keggin ions under an array of conditions, including photocatalysis and bulk
electrolysis. The last project utilized nanostructures, mainly titanium dioxide (TiO2), graphene
oxide (GO), and nanocomposites thereof, as platforms to investigate the reducing and binding
potentials for 99Tc from solutions. As a complete body of work, these projects help to expand the
v

known reduction chemistry of 99Tc and will help other researchers to further the study of this very
interesting radioelement.
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CHAPTER ONE
Technetium Overview
1.1

Introduction
The Hanford site, in southern Washington State, is the location of the world’s first full-

scale plutonium production reactor. It was established in 1943 as part of the Manhattan Project
with the aim of producing enough plutonium to meet the military defense needs of that time.
Hanford had 9 nuclear reactors and 5 large plutonium-processing complexes, which were used to
make a significant portion of the U.S.’s nuclear weapons artillery. Fast results was the primary
objective, and long-term waste management was secondary; deemed as a task for a later time.1
Hanford now houses the waste from almost four decades of plutonium production and in 2007, the
site represented two-thirds of the nation's high-level radioactive waste (HLW) by volume.2 This
waste is stored in 177 underground tanks and contains more than 55 million gallons of nuclear
waste.1
Natural uranium consists of two isotopes; 238U and 235U. 238U makes up the bulk of natural
uranium at around 99.3% and 235U makes up the remaining 0.7%. In order for the uranium to be
used as fuel in a nuclear reactor, it must get enriched to increase the 235U content to between 3.55%. There are two main nuclear reactions that take place during the fission process of uranium.
The major energy contributing reaction involves neutron capture of 235U. This induces fission and
is followed by the emission of additional neutrons. This reaction process enables the chain reaction
to continue as the reaction requires neutrons and also produces neutrons. The other reaction that is
happening is a multi-step reaction that starts with the fission of

238

U. First, the

238

U captures a

neutron and becomes 239U, which then emits a β-particle converting into 239Np. The 239Np emits
another β-particle to form 239Pu, which is relatively stable (t1/2=2.4x104 years). This 238U reaction
1

accounts for nearly a third of the energy produced in uranium fueled nuclear reactors.3 These
nuclear transmutation reactions result in the formation of lighter atoms such as

137

Cs and

90

Sr.

These fission products, along with some others, account for most of the heat and penetrating
radiation in HLW.
The second reaction produces heavier elements, such as plutonium, by the addition of
neutrons to the nucleus. These transuranic elements, those that are heavier than uranium, aren’t as
thermally hot, but do have significantly longer half-lives compared to the aforementioned fission
products. The designation between this HLW and low-level waste (LLW) is quite generalized.
HLW is regarded as particularly hazardous either for its high acute exposure doses or for
containing isotopes with significantly long half-lives. Separating these two streams before disposal
is necessary as HLW must be shielded and poses a greater risk to both humans and the environment
and must be handled and stored using appropriate measures.

Figure 1.1 High-level Waste Tank Scheme adapted from Lukens, et al.4

The nuclear waste at Hanford, both HLW and LLW, has collected at the site since its
inception. As of this time, there is no long-term storage facility for HLW and LLW, and thus it
2

must be stored on-site until end location plans are made. Inside the 177 underground storage tanks,
the waste separates into three general layers: supernatant, salt cake, and sludge.1, 5 The supernatant
layer is an aqueous solution that is the topmost layer of the waste. This layer consists of sodium
nitrate, nitrite, hydroxide, and various organic compounds. It also contains the radionuclides 137Cs,
90

Sr,

127

I,

237

Np, and

99

Tc. The middle salt cake layer contains water-soluble salts that have

precipitated from the supernatant layer by evaporation. It contains mostly sodium nitrate and
nitrite. The bottom sludge layer contains the insoluble waste components along with most of the
fission products and actinides. There are also significant amounts of aluminum, iron oxides, and
aluminosilicates present.4 These descriptions about the waste and its layers are merely
generalizations, as each tank has a unique environment with varying radioactive and chemical
contents as different chemical processes have been utilized throughout the years.
The current proposed strategy for processing the waste at Hanford involves separating the
waste into high and low activity streams which will then be vitrified to form high and low activity
glasses.6 The LLW mainly comes from the supernatant and the salt cake layers, whereas the HLW
is primarily sludge. Figure 1.1 shows a schematic adapted from Lukens, et al.4 that showcases the
layers of waste and their corresponding contents and streams. The first stage in this process
involves separating the supernatant and dissolved salt cake from the sludges.7 As depicted in
Figure 1.1, it is planned to separate 137Cs, 90Sr, and 99Tc from the supernatant and salt cake layers
to be inserted into the HLW along with the sludge. This step is required in order for the LLW to
meet Department of Energy (DOE) performance assessment criteria for storage.8, 9 The HLW
stream will then be vitrified and made into HLW glass.7 This plan is not completely ideal, for 99Tc
volatilizes at vitrification temperatures and is known to leach from vitrified glass.10 These features,
in addition to some of its other hazards, make 99Tc one of the most difficult contaminants facing
the Hanford site.11
3

99
235

Tc is produced in high yield (~6%) as a waste by-product from thermal fission12, 13 of

U and 239Pu.14 The estimate for the total amount of 99Tc stored underground at Hanford is around

2,000 kg9 which translates to more than 30,000 Ci.11, 15 It is a pure β-particle emitter with a βmax
energy of 292 keV.16 It is considered one of the most challenging radioactive contaminants because
of its long half-life (2.1x105 years), complex chemical behavior, and high mobility as the TcO4ion.11, 17
Technetium is the lightest radioelement and was the last transition metal to be discovered.18
It has no stable isotopes and thus cannot occur naturally in the environment. It is for this reason it
was named technetium, as it means “artificial” in Greek. Its presence on earth is due solely to
anthropogenic sources, but its existence has been reported in some types of stars.19 Many people
know of technetium from its meta-stable isotope,

99m

Tc. This isotope of Tc is used in medical

diagnostic procedures and is the most commonly used medical isotope in the world. 99mTc has a
much shorter half-life of about 6 hours and decays via gamma ray emission. The full decay scheme
for 99mTc and 99Tc can be seen in Figure 1.2. The scheme shows the relationship of 99mTc decaying
via gamma ray emission to the daughter 99Tc, and how 99Tc can be generated directly from 99Mo
via beta particle emission. The final state for these isotopes is stable 99Ru.

4

Figure 1.2 99Mo decay scheme adapted from Shi20

The positions of molybdenum, technetium, and ruthenium found on the chart of the
nuclides further shows their close relationship and can be seen in Table 1.1. On the x axis of the
chart is the number of neutrons in the nucleus in ascending order. On the y axis is the number of
protons that corresponds to the atomic number for the element and is also in ascending order. With
beta decay, conversion of a neutron to a proton occurs along with the emission of an electron and
antineutrino. This results in the transmutation of the element and corresponds with a movement of
one unit to the left on the chart of the nuclides, to account for the loss of a neutron, and one unit
up corresponding to the formation, and thus increase by one, of the proton. The decay scheme for
99

Tc can be followed from the parent nuclide located in the bottom right corner of the chart (99Mo),

decaying via beta particle emission (minus one neutron, plus one proton) to 99Tc, and then again
to stable 99Ru.

5

Table 1.1 Excerpt from the Chart of the Nuclides highlighting the relationship between ruthenium,
technetium, and molybdenum. Gray highlights correspond to stable isotopes and blue highlights
correspond to radioactive isotopes with beta decay as their primary decay mode.

99

Tc is most prevalent in its oxidized form which dominantly exists as pertechnetate

(Tc(VII)O4-). In this +7 oxidation state, 99Tc is fairly chemically inert but extremely soluble. This
makes it hard to separate from other anionic contaminants as well as aiding its high mobility in the
environment;21 allowing it to move at almost the same rate as that of groundwater.22 A typical
strategy for trying to remove the radionuclide involves reducing technetium because it is more
reactive and less mobile when in a reduced state. Although 99Tc has extensive redox chemistry
which spans 9 oxidation states, its two most thermodynamically stable states are Tc(VII) and
Tc(IV).19 Removal strategies that utilize reduction of the radionuclide from Tc(VII) to Tc(IV) are
often only temporarily useful as 99Tc tends to oxidize over time and convert back to the mobile
pertechnetate form by various means, and even by mere contact with atmospheric oxygen.23 This
thermodynamically stable Tc(VII) state, along with the known chemistry of the radionuclide and
the extremely basic environment of the nuclear waste tanks at Hanford, gave sound evidence that
6

it should be found as pertechnetate (Tc(VII)O4-) in the waste. However, other forms of 99Tc have
been found in significant amounts in certain tanks.4
The harsh environment of the tank supernatants, with their highly alkaline and high ionic
strength matrices, have previously led researchers to think that pertechnetate would be the
dominant species. This theory has been disproven by two main observations. Firstly, the
implementation of a pertechnetate-specific ion exchange resin to remove

99

Tc from the liquid

fraction of the waste was not wholly successful.7, 24, 25 And secondly, the presence of a low valent
99

Tc species through direct Tc K-edge X-ray Absorbance Near Edge Structure (XANES) analysis

was confirmed in some samples.26 Figure 1.3 shows the XANES spectra for various tank samples
from Hanford, as well as some standard Tc species for comparison. The pertechnetate sample (e)
has a very distinct pre-edge peak that is not present in other tank samples. This helped confirm the
presence of non-pertechnetate (n-Tc) species in those tanks. From these observations, it was
hypothesized that a combination of factors including radiolytic effects, addition of organic solvents
and complexants, heating, and time, reduced and complexed a substantial portion of the

99

Tc

present in the tank waste.9 Additional estimations predict 50-75% of the 99Tc in certain tanks have
undergone chemical reduction during long-term storage.

7

Figure 1.3 Tc K-edge XANES spectra of (a) n-Tc species in tank SY-103, (b) n-Tc species in tank SY101, (c) Tc(IV) gluconate, (d) Tc(V) gluconate, and (e) TcO4-.26

These findings led researchers to start analyzing the speciation of the 99Tc in the tanks and
discontinue the assumption that all 99Tc present was in the pertechnetate form. As of 2014, more
than 30 studies had been published citing the presence of n-Tc species in the tank waste.11 Analysis
of some of the stored waste showed that 75% of 99Tc in some tanks is n-Tc and that 50% of that
fraction is soluble.4, 26, 27 Beyond that, there is not much information about these n-Tc species;
specific oxidation states are unknown,9, 28 their formation mechanisms are unknown,29 and even
how many species present is unknown.11 What is known is that these n-Tc species are unidentified,
stable, reduced Tc complexes that require additional characterization before their speciation can
be determined.8
One study was able to obtain some speciation data about one of the n-Tc species from
XANES analysis. This group found that the species present is most likely a Tc(I) carbonyl complex
but was unable to confirm a single Tc(I) carbonyl complex based solely on XANES data.26
Currently, there is no clear procedure for which analytical methods are best for identifying the nTc species.11 Gaining this knowledge is critical for developing separations methods for the waste
8

and for making strategies for tank waste management.17 Due to the nature of this problem, the nTc species have not been removed, isolated, or concentrated from solutions, and therefore analysis
must be done on actual supernatant solutions from Hanford. Many characterization methods have
been evaluated for their applicability to this problem30 and only two have been able to give
information as to the oxidation state and structural features of the n-Tc species; X-ray absorption
spectroscopy (XAS), of which XANES is one of these methods, and nuclear magnetic resonance
(NMR), have both been utilized with mild success.
XAS relays element specific information on oxidation states and can elucidate the
structural parameters of its nearest neighbor’s type and environment. The drawbacks of this
method include time and labor intensity, and limited access to the instrument. A synchrotron
source is required for collection of the data, which means using a high demand system where long
lead times for access are certain. This also means significant time delays between collecting the
samples and analyzing the samples. The other method, NMR spectroscopy, specifically 99Tc NMR,
is based on the transition of a nuclear spin from a low energy state to a high-energy state in the
presence of a magnetic field. It is element-specific and can be used to analyze the Tc present in
solution. However, this technique is only relevant for diamagnetic compounds, and some of the
oxidation states that could be present in the waste exist as paramagnetic compounds. Due to their
paramagnetic nature, these compounds do not produce a signal when analyzed with NMR
spectroscopy.11, 30 Due to the large quadrupole of 99Tc, 99Tc NMR is best observed for diamagnetic
Tc complexes in “cubic” symmetrical environments, such as octahedral or tetrahedral coordination
environments.
The work contained herein involves several projects that all involve reducing

99

Tc(VII)

either in solution, onto the surface of a substrate, or incorporating it into a structure. The first two
projects involve studying the incorporation of

99

9

Tc into soluble metal oxides to gain molecular

level understanding of the redox coordination of

99

Tc. Both of these projects utilized

polyoxometalates (POMs), more specifically the Keggin structure. The first Keggin POM project
identified a novel 99Tc-substituted structure that could potentially be used to help expand standard
reference data for

99

Tc compounds in a variety of oxidation states. The second POM project

examined strategies to elucidate reduction capabilities of various Keggin ions under an array of
conditions, including photocatalysis and bulk electrolysis. The last project utilized nanostructures,
mainly titanium dioxide (TiO2), graphene oxide (GO), and nanocomposites thereof, as platforms
to investigate the reducing and binding potentials for 99Tc from solutions. As a complete body of
work, these projects help to expand the known reduction chemistry of
researchers to further the study of this very interesting radioelement.
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99

Tc and will help other

CHAPTER TWO
Determining technetium concentration in liquid samples using UV-Vis spectroscopy and
Liquid Scintillation Counting (LSC) techniques
2.1

Technetium solution standardization via UV-Vis spectroscopy
99

Tc was obtained from Oak Ridge National Laboratory (as NH4TcO4). All 99Tc handling

was executed in an appropriately equipped laboratory approved for the use of low-level
radioactivity. Solid ammonium pertechnetate (NH4TcO4) was treated with H2O2 to oxidize any
reduced forms of 99Tc. Standardization of prepared aqueous ammonium pertechnetate solutions
was conducted according to established UV-Visible spectroscopic procedures.31,

32

These

procedures allow for the concentration determination of aqueous solutions of NH4TcO4 utilizing
extinction coefficients. The utilized formula for Beer’s Law is found below as Equation (2.1).
Where C is the concentration of the solution in mol/L, A is the observed absorbance, 𝜀 is the
extinction coefficient in M-1cm-1, and b is the pathlength. The extinction coefficients for NH4TcO4
are 6220 M-1cm-1 at 244 nm and 2360 M-1cm-1 at 289 nm.
(2.1)

$

C = %&

From these standardized solutions, serial dilutions were made to construct a calibration curve for
NH4TcO4 to be utilized with LSC. Nine solutions were made with varying concentrations from
1.375 µM to 12 µM.
2.2

Technetium activity determination via LSC
LSC was performed on all NH4TcO4 dilutions in triplicate. 50 µL of sample solution was

added to 5.5 mL of SX12-4 ScintiVerse Scintillation II Cocktail that is specified to be used with
liquid samples. Counts per minute (CPM) were obtained for 99Tc on a Perkin Elmer TriCarb 2910
TR with an upper detection limit of 2,000 CPM. Averages for the three aliquots were utilized. A
sample calculation for finding the μg of Tc from the molarity (obtained from the UV-Vis
11

standardized solutions, see above) is given in Equation (2.2). The data for this curve can be found
in Table 2.1 and resultant calibration curve of μg of Tc versus the count average found in Figure
2.1.

Counts Per Minute
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Figure 2.1 Tc Calibration Curve for NH4TcO4 via LSC

2.3

Calculated technetium activity determination
The activity present in the nine

99

Tc samples was calculated from the molarity of the

solutions and then analyzed against the collected experimental data. The decay constant lambda
(𝜆) was calculated with Equation (2.3), using a half-life of 211,000 years for 99Tc.
(2.3)

𝜆=

EFG (*.')
HI/K

*.L;M

= N)),*** PQRST = 3.26𝑥10EL 𝑦𝑒𝑎𝑟𝑠 E)

The number of particles in the sample was calculated from Equation (2.4), where N is the
number of particles in a substance, n is the amount of substance in moles corresponding to 0.01075
μg Tc, and NA is Avogadro’s number.
(2.4)

𝑁 = 𝑛 ∗ 𝑁` = 2.75𝑥10E)* 𝑚𝑜𝑙𝑒𝑠 ∗ 6.02𝑥10NM = 1.66𝑥10)d 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
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The activity was calculated using Equation (2.5). Disintegrations per second (dps) is a
measurement of activity, and disintegrations and particles can be used interchangeably.
(2.5) 𝐴 = 𝜆𝑁 =

M.NL()*+1
PQRS

PQRS

∗ M.)'d()*j TQ63klT ∗ 1.66𝑥10)d 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 = 17.1 𝑑𝑝𝑠

The experimental activity is 15% higher than the calculated expected activity and can be
seen in Table 2.1. The detector efficiency was found to be 97.1% for a 14C standard (beta max =
0.156 MeV). The reason for the discrepancy between the experimental and calculated activity is
unknown, but could be due to the averaging of the concentrations for the pertechnetate solutions
from UV-Vis. The calculated concentration for the solutions is obtained from the averages of both
peaks in the spectra (244 nm and 289 nm). This could result in slight variations of the concentration
determinations for the mother solutions. The calibration curve above has a linear regression of y
= 42,609x + 17 with an R2 value of 0.9995. From this determination, the concentration of 99Tc in
a sample can be calculated.
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Sample

Count Average
(CPM)

Tc (μg)

Acalculated

Aexperimental

Aexperimental/caculated

1

2308

0.0545

34.2

38.5

1.12

2

1177

0.0272

17.1

19.6

1.15

3

575

0.0136

8.6

9.6

1.12

4

302

0.0068

4.3

5.0

1.18

5

2569

0.0594

37.3

42.8

1.15

6

1278

0.0297

18.7

21.3

1.14

7

1299

0.0297

18.7

21.7

1.16

8

651

0.0149

9.3

10.9

1.16

9

672

0.0149

9.3

11.2

1.20

Mean

1.153

s

0.025

Relative Standard Deviation

2.12%

Table 2.1 Tabulated experimental and calculated activity for 99Tc calibration curve

2.4

Technetium concentration of samples via LSC
The experimental data provides a method to quantify the amount of 99Tc in a sample with LSC

analysis. The calibration curve, along with the activity calculations, support that the method is
reliable. The linear regression line has an equation of y = 39,938x + 48.7 with an R2 value of 0.998.
14

From this, quantifying the amount of technetium in samples can be achieved in a quick and
reproducible way.
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CHAPTER THREE
Synthesis and Characterization of (n-Bu4N)4[TcxM-PMo11O39], where x= V, VI; M = O,
N; respectively: Utilizing Lacunary, Technetium Substituted Polyoxometalates as
Potential Standards for use with X-ray Photoelectron Spectroscopy
3.1

Introduction
Polyoxometalates (POMs) are inorganic metallic compounds. These roughly one nanometer

across three-dimensional structures are molecular mimics of minerals and clays.33 Their discovery
dates back to 1826, where Dr. James F. Keggin first discovered the structure that is now named
after him; the Keggin. POMs typically have at least three transition metal oxyanions linked
together by oxygen atoms that together make up a large, three-dimensional structure. The use of
POMs can be found in dyes, capacitors, gas sorbents, membranes, recording materials, radioactive
waste processes, and many more.34
POMs can be loosely categorized into three different structural classes: isopolyanions,
heteropolyanions, and molybdenum blue and brown reduced POM clusters (Figure 3.1).
Isopolyanions consist of a metal-oxide framework and are much more unstable when compared to
the heteropolyanions. This difference is due to the presence of a heteroanion, like SO42- or PO43-,
within the heteropolyanion compounds. Within the heteropolyanion class of POMs, the two
pervasive motifs are the Keggin and Wells-Dawson structures. The Wells-Dawson has a general
formula of [X2M18O62]n- with M most commonly as W or Mo, and X as a tetrahedral template,
most often PO43- or SO43-. The Keggin structure has a tetrahedrally coordinated heteroatom and
takes on the formula [XM12O40]n-, with X most commonly as phosphorous and M being a transition
metal;

35

molybdenum in this work (Figure 3.1). The Keggin structure has a complex, stable

framework that is able to sustain the removal of one or more of the M=O from the compound. This
removal will create a defect site and the compound is then considered a “lacunary” ion. This defect

16

site is comprised of four oxygen donor atoms that are now available to bond to a transition metal
or lanthanide, in our case 99Tc.36

Figure 3.1 Structural types of POMs. Left: Isopolyanion (Lindqvist hexamolybdate Mo6O192-) Right:
Heteropolyanion (Keggin Structure XM12O40n-)

The aim of this work involved synthesizing and characterizing a lacunary
phosphomolybdate POM to coordinate with 99Tc that would provide a stable Tc(V) and/or Tc(VI)
compound that could be utilized as a standard for X-ray Photoelectron Spectroscopy (XPS). XPS
is an analytical method that has not been thoroughly investigated for its use in identifying the nonpertechnetate (n-Tc) species present in the tank waste at Hanford. This topic was discussed
previously in the introductory section of this manuscript (Chapter 0). XPS utilizes the photoelectric
effect to gain information about a compound's composition, electronic state, chemical state, and
binding energy of the surface region of the solid. This project was conducted at Hunter College,
Lehman College, and samples were sent to Pacific Northwest National Laboratory (PNNL) for
additional analysis.
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The photoelectric effect occurs when a solid is exposed to electromagnetic radiation and
then electrons are subsequently pushed off the surface. These ejected electrons are from either the
core or valence shells. In this analytical technique, a sample is irradiated with a beam of X-rays
while simultaneously measuring the kinetic energy and amount of the ejected electrons from the
top 1-10 nm of the material. The measured kinetic energy of the ejected electrons (photoelectrons)
is used to calculate the binding energy, and the number of ejected electrons determines the
intensity. The binding energy is calculated from the measured kinetic energy through the following
Equation (3.1):
𝐵𝐸 = ℎ𝜐 − 𝐾𝐸 − 𝜙

(3.1)

Where BE is the binding energy, h is Planck’s constant, υ is the frequency of ionizing radiation,
KE is the measured kinetic energy, and Φ is the spectrometer work function. The calculated kinetic
energies are dependent on the element, the orbital from which the electron was ejected, and the

Binding Energy (eV)

chemical state of the element.
261
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y = 1.035x + 252.48
R² = 0.9869
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Oxidation State
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Figure 3.2 Binding energy as a function of oxidation state for technetium

XPS is a powerful tool that has the capability of determining the oxidation state of 99Tc,
but is limited due to an extremely small database comprised of only 20 entries.37 Not surprisingly,
18

these 20 compounds do not represent all the oxidation states of 99Tc, and only the Tc(I), Tc(III),
Tc(IV), Tc(V), and Tc(VII) oxidation states are reported. However, the relationship between the
binding energies (BE) assigned to the 3d3/2 lines and oxidation state is linear.38 As such, the
approximate energies of the missing oxidation states can be determined. Figure 3.2 shows the
linear relationship derived from the average BE’s of each oxidation state taken from the NIST
database and listed below in Table 3.1. From the linear regression analysis, the Tc(II) BE should
be approximately 254.08 eV and the Tc(VI) BE should be approximately 258.24 eV. These values
are approximations, and the value for Tc(VI) has an even greater uncertainty due to the lack of
data for oxidation states ranging from Tc(IV) to Tc(VII). There is a single entry for Tc(V), and no
entries for Tc(VI) at this time. Due to these factors, oxidation states can only be speculated between
Tc(V) and Tc(VI).39
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Oxidation State

Binding Energy

Year Published

Average BE (eV)

Tc(I)
Tc(I)
Tc(III)
Tc(III)
Tc(III)
Tc(III)

(eV)
253.6
253.4
255.1
255.2
255.3
255.4

1987
1987
1986
1986
1986
1986

253.5

Tc(III)
Tc(III)
Tc(III)
Tc(IV)
Tc(IV)
Tc(IV)
Tc(V)
Tc(VII)
Tc(VII)
Tc(VII)
Tc(VII)

255.4
255.4
255.5
256.4
256.6
257.4
258.0
259.3
259.5
259.6
259.7

1986
1986
1986
1987
1986
1986
1986
1986
1987
1987
1987

255.3

256.8

258.0
259.5

Table 3.1 List of binding energies for different oxidation states of technetium compiled from NIST
XPS Database.37 For all reported binding energies, the uncertainty is 0.2 eV, and only the 3d 5/2 lines
are listed.

3.2

Experimental Procedures
All materials were purchased as reagent grade and used without further purification, unless

otherwise noted. All 99Tc handling was executed in an appropriately equipped laboratory approved
for the use of low-level radioactivity. 99Tc was obtained from Oak Ridge National Laboratory (as
NH4TcO4). Solid ammonium pertechnetate (NH4TcO4) was treated with H2O2 to oxidize any
reduced forms of 99Tc. The NH4TcO4 was standardized using UV-Visible Spectroscopy.31, 32 (nBu4N)[TcOCl4] and (n-Bu4N)[TcNCl4] were prepared according to published procedures.32, 40
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3.2.1

Preparation of [(n-Bu4N)4[H3PMo11O39]41 (TBA-PMo11)
A solution of Na2MoO4 and HPO4 was dissolved in water. Concentrated HCl was added

drop-wise until pH 4.0 was achieved. Tetrabutylammonium bromide (TBA-Br) was added and a
precipitate formed. The solid was filtered and then washed with water followed by acetone. Further
purification was executed by stirring the product in water for approximately 20 minutes, followed
by filtration and washes with acetone, methanol, and then acetone again. 31P NMR: (400 MHz,
298K) δP (DMSO); -1.33 ppm. UV-Vis (CH3CN) λmax= 220 nm, ~290 (shoulder).
3.2.2

Preparation of [(n-Bu4N)4TcO[HPMo11O39]42 (TcO-PMo11)
A green solution of (n-Bu4N)[TcOCl4] (0.0337 mmol, 16.8 mg) in acetonitrile (2 mL) was

added drop wise to a light green solution of TBA-PMo11 (0.0306 mmol, 82.0 mg) in acetonitrile
(2 mL) with stirring. The solution quickly turned black upon addition and was allowed to stir for
1 hour. The product was isolated by ether diffusion into the reaction solution. Black spindle-like
crystals were collected by filtration. 31P NMR: (400 MHz, 298K) δP (DMSO); -6.17 ppm. IR (KBr
pellet, cm-1): 1064 (s), 957 (s), 884 (s), 812 (s), 506 (m), 467 (w). UV-Vis (CH3CN) λmax, 220 nm,
312 nm.
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Table 3.2 UV-Vis spectra for (top left) phosphomolybdic acid, (top right) the lacunary Keggin,
(bottom left) TcO-PMo11 and (bottom right) TcN-PMo11.

3.2.3

Preparation of (n-Bu4N)4TcN[HPMo11O39]42 (TcN-PMo11)
A solution of [(n-Bu4N)[TcNCl4] (0.070 mmol, 34.8 mg) in acetonitrile (2 mL) was added

to a solution of TBA-PMo11 (0.079 mmol, 212.0 mg) in acetonitrile (2 mL) with stirring. The (nBu4N)[TcNCl4] solution was orange in color and the POM solution was light green in color. Upon
addition, the combined solutions turned dark brownish black. The solution was allowed to stir for
1 hour. The precipitate was isolated by ether diffusion into the reaction solution. The light green
crystals were collected by filtration. IR (KBr pellet, cm-1): 1064 (s), 957 (s), 884 (s), 812 (s), 506
(m), 467 (w).
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Due to impurities and low yield, many modifications to the above reaction have been
attempted. See Table 3.3 for details about those experiments.
Parameter

Modification

Starting Materials

TcNCl4, TcNBr4

Solvent Systems

Acetonitrile, acetone, cold acetone, methanol,
dichloromethane, water, acetonitrile/water,
acetonitrile/acetone, acetonitrile/benzene,
acetonitrile/dichloromethane, 0.5 M H2SO4,

Stoichiometry (POM:Tc)

1:1, 2:1, 1:2, 1:3, 1:10

Process

Heat, ether layering, ether diffusion chamber,
ether diffusion chamber with benzene, slow
ether diffusion chamber, 5 days with stirring,
5 days without stirring

Table 3.3 Modifications for the synthesis of TcN-PMo11.

3.3
3.3.1

Results
Single Crystal X-ray Diffraction (SCXRD)
SCXRD was utilized to attempt to confirm the Tc substitution within the POM. This non-

destructive technique probes information about the internal lattice of crystalline substances. It can
give information about molecular structure, bond lengths, bond angles, and unit cell dimensions.
All of this data is used to find the crystal structure of the compound. First, a single crystal of the
sample is loaded into the instrument for analysis. Once properly fitted into place, the sample is
irradiated with monochromatic x-rays and results in diffracted x-rays due to constructive
interference. The incident x-rays are able to dislodge inner shell electrons from the sample, and an
x-ray spectrum is produced that is characteristic of the sample. This characteristic X-ray spectrum
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results from a scattering factor that depends on the electron cloud of each atom that is proportional
to its atomic number. The heavier the element is the more electron cloud density is present, which
leads to greater intensity of the diffracted X-rays. These diffracted rays are detected, counted, and
used for analysis. This process is repeated for a myriad of orientations of the sample and incident
rays to assess as many of the possible diffraction directions of the lattice.43
Due to the closeness of technetium and molybdenum on the periodic table, this technique
couldn’t distinguish between the two atoms. As stated previously, the intensity of the diffracted
X-rays is directly proportional to the atomic number. Molybdenum’s atomic number is 42 and
technetium’s atomic number is 43, which means that their electron densities are almost the same,
resulting in nearly identical diffraction patterns. As such, the analyzed crystals continued to be
solved as having all 12 molybdenum or all 12 technetium in the structures. Attempts to solve the
crystals with 1:11 ratios were also unsuccessful. Several crystallographic techniques have been
attempted to produce quality crystals for analysis, but due to continued disorder of the packing of
the material along with the inability to distinguish between Mo and Tc, results continue to be
unsolvable. After XRD analysis of the crystals, LSC was conducted on the analyzed samples.
These results confirmed that Tc was present in the analyzed samples (see below).
3.3.2

Liquid Scintillation Counting
LSC is used to assess the amount of activity present in a sample. Counts per minute (CPM)

were obtained for 99Tc on a Perkin Elmer TriCarb 2910. Averages for three aliquots were utilized
in all samples. Activity of both of the Tc substituted molybdenum POMs was assessed. 3.5 mg of
TcN-PMo11 was dissolved in 10 mL acetonitrile. 20 µL of the sample solution was added to 5.5
mL of SX12-4 ScintiVerse Scintillation II Cocktail in triplicate. Counts per minute (CPM) were
obtained for each aliquot and the average activity was found to be 1,564 CPM. Utilizing the 99Tc
calibration curve outlined previously, it was determined that the sample contained 0.037 µg of
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Tc. Had the reaction gone to completion with 100% yield, the theoretical amount of 99Tc would

be 0.248 µg. This resulted in a 15.0% yield for the reaction.
Activity of the TcO-PMo11 was assessed with LSC. 2.0 mg of the sample was dissolved in
10 mL acetonitrile. 50 µL of the sample solution was added to 4 mL of Ultima Gold-MV
Scintillation Cocktail in triplicate. Counts per minute (CPM) were obtained for each aliquot. The
average activity was found to be 4,548 CPM. Utilizing a 99Tc calibration curve for this cocktail,
identical to the one found previously except for the utilized cocktail, the sample was determined
to contain 0.099 µg of Tc. Had the reaction gone to completion with 100% yield, the theoretical
amount of 99Tc would be 0.354 µg. This resulted in a 27.8% yield for the reaction. To ensure that
the acetonitrile was not having a quenching effect on the analysis, aqueous solutions of Tc were
added to the cocktail. In half of the trials, acetonitrile was added to the solution. After analysis, it
was found that the activity for both aqueous and acetonitrile solutions were equivalent.
3.3.3

Cyclic Voltammetry
All experiments were conducted using a BAS Voltammetric Analyzer System controlled

by BAS CV-50W software. An Ag/Ag+ reference electrode, glassy carbon working electrode
(BAS standard disk electrode, 3 mm OD), 0.5 mm Pt auxiliary electrode, 100 mM TBA-PF6 in
acetonitrile, and ferrocene as the reference were utilized for all samples. The reference electrode
was an Ag wire immersed in a solution of 0.1 M TBA-PF6. All samples were purged with dry
nitrogen for 20 minutes before analysis and the glassy carbon working electrode was polished with
a lapidary machine utilizing a polishing procedure published in the literature.44 All analyses were
conducted at ambient temperatures, under a N2 atmosphere, and voltammograms are referenced
versus the redox couple of Fc/Fc+.
Cyclic voltammograms were obtained for all of the polyoxometalate compounds. This
electrochemical technique was utilized to gain further knowledge about the redox chemistry of the
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compounds over a wide potential range. Cyclic voltammetry (CV) conveys electrochemical
information obtained as a function of an energy scan. The total procedure begins with immersing
the reference electrode, working electrode, and auxiliary electrode in the electrolyte solution
containing the compound of interest. The potential of the working electrode is cycled between two
values called switching potentials, and the resultant current versus the reference electrode is
measured.45 The “potential is the work required to bring a unit test charge from infinite distance to
a point of interest.”46 Potential can be explained for oxidation (a compound that is losing electrons)
in the following manner.
In a compound, the greatest energy electron is determined by its molecular structure, and
this energy is the same for all molecules of that compound. The greatest energy electron can be
lost to an electrode only if the electrode offers a lower energy to the electron, that is, only if the
potential is sufficiently positive. As the potential increases in a positive direction, the electrode is
able to sequester electrons from the compound in solution and results in oxidation of the compound
and results in observed anodic current. Conversely, as the potential is moved in the negative
direction, reduction of the compound is possible with resultant cathodic current being observed.
These positive and negative potential cycles, along with their observed resultant currents, are
reported as current versus potential voltammograms. The mean peak potential (E1/2) for a “couple”
is the critical energy where the electron is either lost or gained.45 The mean peak potential is
experimentally determined and is calculated by obtaining the anodic peak potential (Epa) and
cathodic peak potential (Epc) and employing Equation (3.2).47
(3.2)

𝐸)/N =

uvw xuvy
N

This method was used to find the mean peak potentials for all samples. Additionally, the
reversibility of the reduction reaction can be determined from the peak-to-peak separation (ΔEp).
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By taking the difference between the anodic and cathodic peak potentials, ΔEp is found. For a one
electron system, a ΔEp = 57 mV at 25° (2.22RT/F) denotes reversibility. For compounds that can
undergo multiple reversible redox processes, this value can be expanded to 140 mV to account for
subsequent electron transfers becoming less thermodynamically favorable. If the ΔEp falls within
these parameters, the reduction reaction is chemically and electrochemically reversible. A reaction
is electrochemically reversible when there is a low barrier to electron transfer that occurs between
the electrode and the analyte. A reaction is chemically reversible when the analyte is stable upon
reduction and can be reoxidized.47
The starting materials of phosphomolybdic acid (n-Bu4N)3[PMo12O40] (PMo12) and the
lacunary phosphomolybdate (PMo11) cyclic voltammograms can be seen in Figure 3.3 A & B
respectively. The parent PMo12 (Figure 3.3 A) exhibits many reversible redox couples, while the
lacunary PMo11 (Figure 3.3 B) is devoid of any reversible electrochemical behavior.42 The PMo11
exhibits a distinct Epc = -986 mV, and both synthesized and literature voltammograms lack features
in the region from -900 to 600 mV.
The voltammogram of TcO-PMo11 can be seen in Figure 3.3 C. It appears to exhibit four
redox couples. The two distinct couples with E1/2 = 238.5 and -231.5 mV are attributed to 99Tc. It
is hypothesized that the compound is starting as Tc(V) and that applying anodic current induces
technetium reduction from Tc(V) to Tc(IV). The next two less defined redox couples are believed
to be of molybdenum. It is therefore hypothesized that the redox potential for the Tc(IV)/Tc(V)
couple is around -231.5 mV and for the Tc(V)/Tc(VI) couple around 238.5 mV. The ΔEp for these
redox couples are 68 mV and 66 mV respectively, and thus can be considered reversible reactions.
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Figure 3.3 (A) PMo12 with potential scan rate at 100 mV/s. (B) PMo11 with potential scan rate at 300
mV/s. (C) TcO-PMo11 with potential scan rate at 100 mV/s. (D) TcN-PMo11 with potential scan rate
at 300 mV/s. The Fc/Fc+ couple appears at -240.5 mV.

The voltammogram of TcN-PMo11 can be seen in Figure 3.3 D. It appears to exhibit two
reversible redox couples. It is hypothesized that the compound is starting as Tc(VI) and that
applying anodic current induces technetium reduction from Tc(VI) to Tc(V). It is therefore
hypothesized that the mean peak potential for the Tc(IV)/Tc(V) is around -312 mV and 11 mV for
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the Tc(V)/Tc(VI). These mean peak potentials have ΔEp = 127 mV and 57 mV respectively and
are also electrochemically and chemically reversible reactions.
3.3.4

31

P Nuclear Magnetic Resonance (NMR)

31

P NMR spectra were obtained on a Bruker Avance 400 with 5 mm tubes fitted with Teflon

inserts from Wilmad Glass. Acquisition parameters included the following: spectral width, 10 kHz;
acquisition time, 1.6 s; pulse delay, 0.5 s; and between 300-1000 scans were obtained. 31P NMR
is useful to assess the purity of a compound and as a technique to identify compounds. The spectra
are fairly easy to interpret due to their high resolution and compounds typically have defined
characteristic frequencies. However, due to the absence of an indicative
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P NMR peaks in the

TcN-PMo11 spectra, it is speculated that Tc is in the Tc(VI) oxidation state, which would make it
paramagnetic and would exhibit either a broad peak or no peak (essentially a peak broadened into
the baseline). Spectra for the PMo12, PMo11, TcO-PMo11 and TcN-PMo11 can be seen in Figure
3.5.
The 31P NMR spectra of PMo12 can be seen in Figure 3.5 (purple). It has a characteristic
peak at -4.12 ppm, and a minor impurity at -1.02 ppm. The spectra for PMo11 can be seen in Figure
3.5 (green). It has a characteristic peak at -1.33 ppm and also exhibits impurities at -2.27 and -2.26
ppm, with residual PMo12 at -4.08 ppm. The spectra for TcO-PMo11 can be seen in Figure 3.5
(red). It has a characteristic peak at -6.17 ppm with the presence of PMo12 at -4.08 ppm. The spectra
for TcN-PMo11 can be seen in Figure 3.5 (blue), which does not exhibit any characteristic peaks,
but shows the presence of both the parent Keggins of PMo12 and PMo11 are present at -4.07 and 1.33 ppm respectively. The contaminants present in these regions can loosely be attributed to free
orthophosphate compounds. The synthesis of PMo11 involves building the structure from
monosodium phosphate and sodium molybdate hydrates. During this synthesis a change in pH is
utilized to facilitate the structure formation. The chemical shifts of orthophosphate compounds
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(PO4-3, HPO4-2, and H2PO4-) are sensitive to pH changes, and will exhibit an array of peaks that
can be found from 0 to -6 ppm in 31P NMR spectra.48 These impurity peaks are likely due to various
free orthophosphates and can be seen in Figure 3.4.

Figure 3.4 Change in 31P NMR chemical shifts of orthophosphates with respect to pH. Figure taken
from Chatterfield.48

Diamagnetic compounds are ideal for NMR analysis, as all of the electrons are paired. This
means that each orbital has two electrons, and each of the electrons has an opposing spin quantum
number resulting in a net spin of zero. For paramagnetic compounds, at least one orbital exists
with an unpaired electron. This results in an orbital having a net spin. Due to the diamagnetic
configuration of Tc species in the Tc(V) and Tc(VII) oxidation states, NMR analysis is well suited
for characterization. But when the species are Tc(IV) and Tc(VI), Electron Paramagnetic
Resonance (EPR) should be utilized. Tc(IV) and Tc(V) compounds are more suited for EPR
analysis as their monomeric forms are expected to have paramagnetic ground states.39
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Figure 3.5 31P NMR spectra for (Purple) PMo12 [δ = -4.12 ppm, 77%], (Green) PMo11 [δ = -1.33 ppm,
58%], (Red) TcO-PMo11 [δ = -6.17 ppm, 38%], and (Blue) TcN-PMo11. Samples were analyzed in
DMSO-d6. Characteristic resonances are noted in brackets for each spectrum and the resonance
integrations are reported as percent of the regions of interest.

3.3.5

Electron Paramagnetic Resonance (EPR)
The EPR spectra was obtained by Dr. Wayne W. Lukens at Berkeley National Laboratory.

The EPR spectra was obtained at 2 K with a Varian E-12 spectrometer equipped with liquid helium
cryostat, EIP-547 microwave frequency counter, and a Varian E-500 gaussmeter, which was
calibrated using 2,2-diphenyl-1-picrylhydrazyl (DPPH, g=2.0036). The low temperature spectrum
was fit using a version of the code ABVG modified to fit spectra using the downhill simplex
method. The code was modified to use the modified Pilbrow lineshape, σvi given in Equation (3.3)
where gi is the g-value, β is the Bohr magneton, H is the magnetic field, v is the microwave
frequency, Ai is the hyperfine coupling constant in cm-1, σRi is the residual linewidth, σgi is the gstrain, σAi is the A-strain, and li is the direction cosine. The TcN-PMo11 sample, dissolved in
acetonitrile/toluene, was sealed in a 1 mm ID quartz tube, which was sealed inside a 4 mm OD
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quartz tube. The EPR were run as a glass by Wayne W. Lukens at Lawrence Berkeley National
Laboratory.
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EPR is comparable to NMR in that it measures excited states; whereas NMR detects atomic
nuclei spin excitation, EPR measures electron spin excitation. The TcN-PMo11 compound is
speculated to have a paramagnetic ground state (Tc(VI, d1), due to the tungsten analog exhibiting
paramagnetism.49 The oxo tungsten and molybdenum analogues both contained Tc(V) and so it is
a reasonable assumption that the nitrido tungsten and molybdenum analogues would also have Tc
in the same oxidation state.50 The resultant spectra can be seen in Figure 3.6. Unfortunately, due
to impurity of the sample, a clean spectrum could not be obtained. Separation of the compound
from the starting materials has posed a significant challenge and has contributed to the impurities
contained in the spectrum. Experiments to increase sample purity was attempted and is outlined in
Table 3.3.

Figure 3.6 EPR spectra of TcN-PMo11 made from an acetonitrile/toluene glass and run at liquid
helium temperature.
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3.3.6

X-ray Photoelectron Spectroscopy (XPS)
All XPS samples were run at Pacific Northwestern National Laboratory at the

Environmental Molecular Sciences Laboratory facility. The XPS analyses were carried out with a
Kratos Axis Ultra spectrometer using a monochromatic Al Ka (1486.7 eV) source at 15kV and
10mA emission. The instrument work function was calibrated to give a binding energy (BE) of
83.96 eV ± 0.1 eV for the Au 4f7/2 line for metallic gold and the spectrometer dispersion was
adjusted to give a BE of 932.62 eV ± 0.1 eV for the Cu 2p3/2 line of metallic copper. The Kratos
charge neutralizer system was used on all specimens. High-resolution analyses were carried out
with an analysis area of 300 x 700 microns and a pass energy of 80 eV. Spectra have been charge
corrected to the main line of the carbon 1s spectrum (adventitious carbon) set to 285.0 eV. Spectra
were analyzed using CasaXPS software (version 2.3.16 PR 1.6)
The Francesconi group has previously synthesized and extensively characterized the [(nC4H9)4N]-TcVO-PW11O39 complex51 which is a structural analogue to the molybdate complexes
studied here. Analysis of the [(n-C4H9)4N]-TcVO-PW11O39 compound via XAS confirmed the
presence of Tc(V). Further analysis with XPS showed the W 4d3/2 line completely overlaps with
the Tc 3d lines (Figure 3.7, left). The top black line in the figure is the [(n-C4H9)4N]-TcVOPW11O39, with the top, dark red line showing the W 4d3/2 line. The smaller blue and red lines below
are resultant from the subtraction of the W 4d3/2 band to get the Tc 3d lines through deconvolution.
In order to completely eliminate these overlapping Tc and W bands and allow for unobstructed
binding energies of technetium to be observed, the POMs in this work utilized Mo instead of W.
The XPS spectrum for TcO-PMo11 can be seen enlarged in Figure 3.7 (right). The most
interesting line is present at ~258.4 eV. It matches the only Tc(V) literature value37 as well as with
the deconvoluted results from the [(n-C4H9)4N]-TcVO-PW11O39, but Tc(VI) cannot be
unambiguously ruled out as there isn’t a value for Tc(VI) in the literature to date. It is speculated
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that the BE of Tc(V) and Tc(VI) could potentially be too close to distinguish between the two.39
Analyzing TcN-PMo11 as a potential Tc(VI) compound is slated for future work as access to the
instrument permits.

Figure 3.7 XPS spectra for technetium containing polyoxometalates. Left: XPS for [(nC4H9)4N]TcO[PW11O39]]. The top black line in the figure is the [(n-C4H9)4N]-TcVO-PW11O39, with the
top, dark red line showing the W 4d3/2 line. The smaller blue and red lines below are resultant from
the subtraction of the W 4d3/2 band to get the Tc 3d lines through deconvolution. Right: XPS for [(nC4H9)4N]TcO[PMo11O39].

3.4

Discussion and Conclusion
Synthesis and characterization of TcO-PMo11 and TcN-PMo11 has been conducted.

Utilizing 31P-NMR, characteristic peaks were observed for TcO-PMo11. Furthermore, utilizing a
combination of cyclic voltammetry and XPS, it was further determined that Tc(V) is the most
likely oxidation state. Due to a limited database for XPS standards, it cannot be confirmed as being
Tc(V).
34

Synthesis of TcN-PMo11 was also completed. Longer reaction times (up to five days) were
attempted in pursuit of producing higher yields but were unsuccessful and increased reaction
temperature above 60° could not be utilized due to the POMs instability when in solution at higher
temperatures.42 But due to the compounds chemical and physical similarities to the starting
materials, purification was not achieved. Attempts to characterize the compound via 31P-NMR was
unsuccessful but supported the hypothesis of the compound’s paramagnetic nature. Due to its
paramagnetic nature, it does not exhibit an NMR peak as described previously and shown in Figure
3.5 D; therefore, EPR analysis was conducted to analyze the material. Unfortunately, due to sample
impurity, results were inconclusive but demonstrate a Tc(VI), d1, paramagnetic compound is
present in the solution. The starting materials are diamagnetic and will not show up in the EPR
experiment. SCXRD was then sought to attempt to characterize the material. But as stated
previously, technetium and molybdenum are indistinguishable via SCXRD analysis due to their
closeness on the periodic table; this led to inconclusive results and unsolvable crystals. The goal
is to yield a higher purity product that could then be analyzed with EPR as well as XPS. It is
difficult to separate the parent PMo12 from the TcN-PMo11; however, in the future, we may be able
to quantitate the amount of PMo12 using cyclic voltammetry. PMo12, in the oxidized form, is
diamagnetic and would not be observed in the EPR. The difficulty may come if the PMo12 is
reduced, in which case the one-electron paramagnetic PMo12 will be observed as an impurity. The
quest to determine high purity technetium POMs is continuing in the laboratory.
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CHAPTER FOUR
Strategies for the photoreduction of Tc-99 pertechnetate to low valent Tc by Keggin
polyoxometalates1
4.1

Introduction
Technetium-99 (99Tc) is a high yield (~6%) fission product of Uranium-235 fission. It has a

half-life of 2.1x105 years and is a weak beta emitter with an energy maximum of 0.29 MeV. When
exposed to air,

99

Tc is most prevalent in its oxidized (+7) form, which exists predominantly as

pertechnetate (TcO4-). In this +7 oxidation state, 99Tc is extremely soluble and highly mobile in
the environment.21, 22 99Tc is a hazardous radiological contaminant, which can be found in used
nuclear fuel, legacy nuclear waste, and contaminates the groundwater and soils near nuclear
facilities and legacy waste sites. To prevent 99Tc contamination, the highly soluble TcO4- anion is
most often reduced and then sequestered.22, 52-54 Some approaches employ low valent iron for
reduction of TcO4- and stabilization within the iron oxide or iron phosphate matrix22, 52, 53 or
reduction of TcO4- by Sn(II) incorporated into aluminophosphate nanocomposites, followed by
stabilization within the nanocomposite. Other approaches use sulfides or iron sulfides for reduction
of TcO4- and subsequent sequestration of the resulting low valent Tc species.
A previous study by our lab identified a method wherein a single material, a polyoxometalate
(POM), both reduces TcO4- and sequesters the reduced 99Tc covalently into the POM. In that study,
the lacunary alpha-2 Wells-Dawson POM (ɑ2-[P2W17O61]10-) was photoactivated by light and
reduced by a sacrificial electron donor (2-propanol) to (ɑ2-[P2W17O61]12-). The reduced POM was
able to transfer electrons to TcO4- to form a TcIV ɑ2 intermediate that oxidized to TcV and
incorporated into the framework of the POM. The TcVO was observed to be bound to four oxygen

This chapter was produced as part of a collaborative effort with Ivana Radivojevic Jovanovic,
Benjamin P. Burton-Pye, Donna McGregor, Jacopo Sampson, Wayne W. Lukens II, and Lynn C.
Francesconi. The following chapter is the working manuscript that has been submitted to the European
Journal of Inorganic Chemistry for publication.
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atoms of the defect site of the ɑ2-[P2W17O61]10- ligand in a square pyramidal coordination complex.
That study demonstrated the versatility of POMs and highlighted that a single material can be both
the photocatalytic reducing agent and the coordinating ligand.
In this study, we investigate the potential of “plenary” Keggin POMs (XM12O40n-) to both
reduce TcO4- and stabilize the reduced Tc species. POMs are polyanionic clusters of early
transition metals connected by oxygen atoms. The lacunary POMs investigated in the previous
study possess a defect site that can coordinate metal ions. The plenary Keggin ions investigated
here do not possess defect sites for coordination but may exhibit surface binding.
In general, POMs are strong, tunable electron donors to substrates. POMs undergo stepwise,
multielectron redox reactions while maintaining their structural integrity. They can be reversibly
reduced using a variety of methods including photochemical reduction55-58 radiolytic reduction59
(in the presence of a sacrificial organic electron donor), electrochemical and chemical reduction.60
Reduced POMs have been used to reduce metal ions to their metallic state in water.
Photocatalytic reduction of metal ions such as Ag+, Pd2+, AuIII, PtIV, Cu2+ by Keggin ion
polyoxometalates produce metal ions in lower oxidation states or in their metallic (zero) state.61-65
The tunable redox nature and facile electron transfer properties of POMs allowed for their use for
the synthesis of colloidal metal nanoparticles that are stabilized by the re-oxidized POMs.
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Figure 4.1 pH-independent reduction potentials for the 1- electron reduction of Keggin anions as a
function of anion charge. The charge of the Keggin ion, dictated by the central heteroatom, allows
tuning of the reduction potentials to match the potentials to reach TcIV or Tc0. Table is taken from
Altenau, et al.66

Most of the research on the reduction of metal ions to the metallic Mo state and to
nanoparticles utilizing POMs has been performed with Keggin anions, XW12O40n-, which can
accept electrons and be reduced specifically by 1, 2, or 4 electrons with varying reduction
potentials.63-69 The reduction potentials of Keggin POMs, presented in Figure 4.1 and Table 4.1,
are a function of the central heteroatom that dictates the overall charge. This graph presents the
variation of the first one electron redox process as a function of heteroatom. As the charge on the
POM anion increases, the reduction potential becomes more negative rendering these highly
charged anions strong reducing agents to metal ions.66-69 The ions listed in Table 4.1 are isolatable
and stable for hours, if not days or weeks.67 These reduced POMs can be generated
electrochemically and photochemically (or by radiolysis) with the aid of a sacrificial organic
electron donor.
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X

-n/-(n+1)

1 or 2 e- red

pH range

E, mVa

P

-3/-4

1 e-

1.0-2.0

255 (228)

P

-4/-5

2 e-

1.0

-15 (29)

Si

-4/-5

1 e-

1.0-4.5

55(23)

Si

-5/-6

2 e-

1.0-4.5

-205 (-182)

Al

-5/-6

1 e-

1.8-7.5

-130

Al

-6/-7

2 e-

2.05

-330

Al

-6/-7

2 e-

3.00

-350

Co

-6/-8

2 e-

1.0-2.0

(-36)

Table 4.1 First and second one-electron reduction potentials of a-XW12O40n-, relative to the Normal
Hydrogen Electrode (NHE). (a) Values are abstracted from Geleti, et al.67; and values in parentheses
are from Pope, et al.69

When compared with standard reduction potentials for TcO4-, the 1 and 2 electron reduced
Keggin ions should effectively reduce TcO4- to lower valent Tc. Moreover, the oxidized POMs
may bind to and stabilize the low-valent 99Tc or stabilize the surface of 99Tc metal, as observed for
other metal ions.61-65 Figure 4.2 illustrates the general strategy for the photocatalytic reduction
process that we explore in this project.
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Figure 4.2 General strategy for photolytic reduction of 99TcO4- by Keggin ions.a (a.) The XW12O40n(grey polyhedra) is promoted to an excited state by irradiation, whereupon the excited POM is
reduced by a sacrificial electron donor to the “reduced” POM (blue polyhedra). The reduced POM
transfers electrons to 99TcO4-, resulting in reduction to low-valent 99Tc (Tcred) that will be stabilized
by the re-oxidized POM, represented by the oxidized POMs surrounding the Tcred.

The work described herein utilized Keggin POMs to photocatalytically reduce TcO4- to
lower valent Tc species. The reduced Tc species were analyzed by X-ray Absorption Near Edge
Structure (XANES) spectroscopy, Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopy, UV-Visible spectroscopy, Instant Thin Layer Chromatography (ITLC), and
multinuclear NMR spectroscopy. To further study the reduction and to identify thermodynamic
products, bulk electrolysis was employed to reduce the POMs prior to adding TcO4- and the
resulting solutions analyzed by 99Tc NMR, EXAFS, and XANES.
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Previous studies demonstrated that TcO4- can be reduced to Tc(IV) by exposure to gamma
irradiation in sulfuric acid at pH 1.8. The studies propose that a soluble polymeric Tc(IV) species
forms at this pH. One such species has been examined by X-ray Absorption Spectroscopy (XANES
and EXAFS) to demonstrate that TcO4- is indeed reduced to the Tc(IV) oxidation state and suggest
a Tc3O44+ polymeric species at low pH.70 It has also been suggested that the polymeric Tc(IV)
species would aggregate at higher pH resulting in TcO2.nH2O as characterized by Transmission
Electron Microscopy (TEM).71 The amounts of polymeric Tc(IV) species increased with
increasing radiation dose and 80% of TcO4- was converted to polymeric Tc(IV) species at 6.5 kGy.
TcO4- also formed the polymeric species when subjected to electrochemical reduction,72 as
identified by the characteristic absorbance values in the UV-Visible spectra and by ITLC.
4.2
4.2.1

Experimental
General
All materials were purchased as reagent grade and used without further purification, unless

otherwise noted. 99Tc is a weak beta-emitter with a max energy of 0.29 MeV. 99Tc was obtained
from Oak Ridge National Laboratory (as NH4TcO4). All

99

Tc handling was executed in an

appropriately equipped laboratory approved for the use of low-level radioactivity. Solid
ammonium pertechnetate (NH4TcO4) was treated with H2O2 to oxidize any reduced forms of
99

Tc.31 Standardization of prepared aqueous ammonium pertechnetate solutions was conducted

according to established UV-Vis procedures.31, 32
4.2.2

Keggin anions
The H3PW12O40 (PW12) and H4SiW12O40 (SiW12) Keggin anions were purchased from

Sigma-Aldrich and used without further purification. The H5AlW12O40 (AlW12) was synthesized
using a procedure from the literature.73
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4.2.3

X-ray Absorption Spectroscopy
Tc K-edge X-ray absorption spectra were performed at Stanford Synchrotron Radiation

Lightsource (SSRL) BL 11-2. X-ray absorption spectra were collected by Dr. Wayne W. Lukens,
Jr., of Lawrence Berkeley National Laboratory. The monochromator was detuned 50% to reduce
the harmonic content of the beam. Transmission data was obtained using Ar filled ion chambers.
Fluorescence data was obtained using a 32 element Ge detector and were corrected for detector
dead time. Data were reduced from raw data to spectra using SixPack. Spectra were normalized
using Artemis. Sample spectra were convolved with a 1 eV Gaussian to match the resolution of
the standard spectra. Normalized XANES spectra were fit using standard spectra in the locally
written program “fites.” XANES standard spectra were carefully calibrated using TcO4- adsorbed
on Reillex-HPQ as the energy reference. The sample XANES spectra were allowed to vary in
energy during fitting. The XANES spectral resolution is 5 eV based on the width of the TcO4- preedge peak, so each spectrum possesses 24 independent data points (range of the
spectrum/resolution).
EXAFS spectra were analyzed using the “shell-by-shell” approach74 with ifeffit75 and
Artemis/Athena.76 Theoretical scattering curves were calculated with Feff6.77 Scattering shells
were removed from the fit if they did not decrease the value of reduced X2. Once the fit was
complete, an F-test was performed on each shell to determine the significance of its contribution
to the total fit.78 The p-factor from the F-test indicates the likelihood that the improvement to the
fit due to a given shell is due to random error.
4.2.4

Instant Thin Layer Chromatography (ITLC) Analysis
Instant Thin Layer Chromatography (ITLC) was performed on the irradiated Keggin

solutions containing TcO4-. The ITLC monitors the β- emission of 99Tc. Solutions were spotted on
cellulose paper and developed with 0.9% saline solution as the mobile phase. ITLC was conducted
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on a Bioscan AR-2000 utilizing a high-resolution grating. The standard TcO4- in the reduction
solution possesses a Rf of 0.75. The reduced Tc species displays a Rf of 0.90. This ITLC system
was employed in a study to analyze Tc(IV) oxide polymers generated by irradiation of TcO4- in
low pH sulfuric acid solutions.71
4.2.5

99

Tc NMR analysis

NMR data were collected on a Bruker Avance 400 with 5 mm tubes fitted with Teflon
inserts purchased from Wilmad Glass. Chemical shifts are given with respect to external 85%
H3PO4 for

31

P and 0.5 M NH4TcO4 for

99

Tc (the more negative chemical shifts denote upfield

resonances). Typical acquisition parameters for 31P spectra include the following: spectral width,
10 kHz; acquisition time, 0.8 s; pulse delay, 1 s; and pulse width, 15 µs (50° tip angle). For 99Tc;
spectral width, 9 kHz; acquisition time, 0.9 s; pulse delay 0.5 s; pulse width, 10 µs (50° tip angle).
Typically, between 200 and 2000 scans were acquired for 99Tc and 31P respectively. For all spectra,
the temperature was controlled to ± 0.2 deg.
4.2.6

UV-Visible Spectroscopy
UV-Vis data were collected on an Evolution 220 UV-Vis Spectrometer by Thermo

Scientific with 10 mm path length quartz cuvettes. Some spectra of the POMs were constricted to
the 400-800 nm region to prohibit saturating the detector due to the large O-W ligand to metal
charge transfer band in the 200-400 nm region.
4.2.7

Reduction Methods

4.2.7.1 Photocatalytic reduction of TcO4- by Keggin ions using sunlight
Six different solutions were prepared by dissolving XW12O40n- (X=P, n=3; X=Si, n=4;
X=Al, n=5) and TcO4- in a 2:1:1; 0.5M H2SO4:D2O:2-propanol mixture. The stoichiometries of
the POM: TcO4- solutions were 10:1 and 20:1. The samples were then exposed to natural sunlight
43

for 2 weeks in glass cuvettes. After the irradiation period, the PW12 ion showed the most intense
red color and the AlW12 showed the lightest red/yellow color. The samples were studied by
XANES.
4.2.7.2 Photocatalytic reduction of TcO4- by Keggin ions using broad spectrum illumination
at varying stoichiometries
Ratios of TcO4-:PW12 at 1:1, 1:5, 1:10 were made with 5 mM TcO4- and varying the amount
of PW12 (5 mM, 25 mM, 50 mM). Each sample contained 2-propanol and was irradiated with a
broad-spectrum xenon lamp for 12 hours. Samples were irradiated in glass vials with a Hanovia
Xe lamp (140 Watts, 115 volts, 50 Hz, 3.9 amps) at 5 cm from the lamp with stirring. The
irradiance was measured with a Metrologic power meter and was found to be 0.1 mW. The samples
were studies by XANES.
4.2.7.3 Photocatalytic reduction of TcO4- by Keggin ions using UV and broad-spectrum
illumination
Three solutions were made by dissolving XW12O40n- (X=P, n=3; X=Si, n=4; X=Al, n=5)
in water at a pH of 0.5. 2-propanol was added, followed by TcO4- addition. The reaction solution
consisted of a 2:1:1; 0.5M H2SO4:D2O:2-propanol mixture and were purged with nitrogen for 20
minutes. The POM concentration was 10 mM and the TcO4- concentration was 1.2 mM. The
samples were irradiated at 254 nm for 16 hours. Photoreductions with UV light utilized a
Spectroline Shortwave 254 nm UV lamp (6 Watts, 115 volts, 60 Hz, 0.20 amps). Samples were
placed in quartz cuvettes 5 cm away from the lamp with stirring. The irradiance was measured
with a Metrologic power meter and was found to be 0.02 mW. Broad-spectrum sunlight simulation
samples were irradiated in glass vials with a Hanovia Xe lamp (140 Watts, 115 volts, 50 Hz, 3.9
amps) at 5 cm from the lamp with stirring. The irradiance was measured with a Metrologic power
meter and was found to be 0.1 mW. The samples were studied by XANES.
44

4.2.7.4 Bulk electrolysis of Keggin ions prior to reaction with TcO4Sample solutions were prepared by dissolving the Keggin anions (0.22 mmol) in a 0.5 M
H2SO4 (containing 0.5 M Na2SO4):D2O mixture (1:1 vol, 20 mL). This resulted in 11 mM Keggin
anion solutions. The solutions were placed in a BASi bulk electrolysis cell and purged with argon
for 30 minutes. The working electrode was a reticulated vitreous carbon cage (BASi MF-2077),
the auxiliary electrode was a platinum wire separated from the bulk electrolyte solution via a fritted
compartment and the reference electrode was Ag/AgCl (BASi MF-2052). A potential was applied
via the working electrode to reduce the POM by 1 electron. Upon applying the potential, the clear
colorless solution immediately became deep blue. The rest potential of the reduced solution was
monitored for 5 minutes before continuing the experiment. Nitrogen-purged 0.51 M NH4TcO4
solution (50 µL, 25 µmol) was quickly added to the solution of electrochemically reduced Keggin
anion under stirring and a slow color change to red/brown was observed. The open circuit potential
was monitored at timed intervals during the course of the experiment up to 2 hours post addition.
Samples for

31

P and

99

Tc NMR were taken 1 minute after the addition of NH4TcO4 to ensure

mixing.
4.3
4.3.1

Results and Discussion
Photocatalytic reduction of TcO4- by Keggin ions using sunlight
Samples of 10:1 and 20:1 POM: TcO4- were irradiated by sunlight for 2 weeks in the

reduction solution (2:1:1; 0.5M H2SO4:D2O:2-propanol). The samples turned from colorless to
red-brown over the irradiation period and were studied by XANES to determine the oxidation state
of technetium.
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POM:TcO4Ratio

Tc(VII)

p(F)a

Tc(V)

p(F)a

Tc(IV)

p(F)a

PW12; 10:1

0.17 (7)

0.042

0.1 (2)

0.1(2)

0.7 (1)

<0.001

SiW12; 10:1

0.43 (5)

<0.001

0.0 (1)

0.0(1)

0.56 (8)

<0.001

AlW12; 10:1

0.72 (4)

<0.001

0.0 (1)

0.0(1)

0.28 (5)

<0.001

PW12; 20:1

0.07 (8)

0.421

0.2 (2)

0.2(2)

0.7 (1)

<0.001

SiW12; 20:1

0.35 (6)

<0.001

0.0 (1)

0.0(1)

0.6 (1)

<0.001

AlW12; 20:1

0.63 (4)

<0.001

0.0 (1)

0.0(1)

0.37 (5)

<0.001

Table 4.2 XANES data for sunlight reductions of TcO4-. Standard deviation of the fit is given in
parentheses. (a.) Probability that the improvement to the fit due to the inclusion of this spectrum is
due to noise. If p(F) < 0.05, inclusion of the standard has significantly improved the fit, and that
oxidation state is presumably present.

Table 4.2 summarizes the results from the XANES analyses. Reduced Tc consists of both
Tc(IV) and Tc(V) as well as Tc(VII) in the PW12 samples and Tc(IV) and Tc(VII) in the SiW12
and AlW12 samples. All of the fits are essentially the same with respect to Tc(V). The amount of
Tc(V) that could be present (5% error) is twice the error in the measurement. The TcIV is not
identical to TcO2·2H2O prepared in alkaline solution because, while the XANES spectra
demonstrate Tc(IV), the spectra do not match to TcO2·2H2O. From Table 4.2, the most effective
reductant under these conditions is PW12 followed by SiW12 and then AlW12. This trend is opposite
to that of the reduction potentials given in Figure 4.1 and Table 4.1 where the ordering of the ions
from strongest reductant to weakest reductant is AlW125- > SiW124-> PW123-. In addition, the
reaction has not gone to completion since some TcO4- remains in solution. An explanation for this
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observed inverse of the anticipated reduction effectiveness lies in the multi-step reaction by which
POMs reduce TcO4-, outlined below.
In our previous work, we demonstrated that TcO4- could be simultaneously reduced and
sequestered by a POM that possesses a defect site.79 This study investigates photocatalytic
reduction of TcO4- using Keggin ions where there is no available binding site for the reduced Tc.
The Keggin anions can accept one, two, or four electrons with varying reduction potentials which
are presented in Figure 4.1 and Table 4.1. The central heteroatom dictates the overall charge of the
ion and its reduction potential.66-69 When compared with standard reduction potentials for TcO4-,
all reduced Keggin ions should effectively reduce TcO4-. The process of photocatalytic reduction
of TcO4- by POMs involves several steps as shown below.
POMn- + hn → POM*n-

(1)

POM*n- + HOiPr → POM(n+1)- + HOiPr+•

(2)

POM(n+1)- + TcO4- → POMn- + TcO42-

(3)

2 TcO42- → TcO4- + TcV

(4)

2 TcV → TcO42- + TcIV

(5)

The rates of reactions 1-3 vary depending on the identity of M in MW12O40n-.80, 81 Reactions
1 and 2 are faster for the POMs that are easier to reduce, so the ordering of the rates are PW12 >
SiW12 > AlW12. Conversely, reaction 3 should be faster with the POMs that are stronger reducing
agents, so the ordering of rates for this situation is AlW12 > SiW12 > PW12. Subsequent
disproportionation of TcO42- to TcV and/or TcIV (reactions 4 and 5) is very fast,82, 83 therefore the
ordering of the observed rates of reduction of TcO4- as a function of M in MW12 will vary
depending on whether reaction 2 or 3 is rate limiting. From the XANES data presented in Table
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4.2, we can determine that in this case, the rate limiting step for photocatalytic reduction of TcO4by sunlight is reaction 2.
4.3.2

Broad Spectrum Irradiation with PW12 Keggin at varying stoichiometries
To determine the impact of the POM to TcO4- ratio on the photocatalytic reduction, three

different ratios of PW12:Tc were employed. The concentration of TcO4- was maintained at 5 mM
and the concentration of POM was varied to achieve the stoichiometries of POM:TcO4- as 1:1, 5:1,
10:1. Reduction was accomplished by a xenon lamp that emits a broad spectrum of light and the
samples were purged with nitrogen for 20 minutes prior to irradiation.
The XANES data shown in Table 4.3 demonstrates that TcO4- was reduced to TcIV and that
there was a significant amount of starting TcO4- left in solution. As expected, the amount of TcO4in solution decreases with an increasing amount of PW12 in the photolysis experiments. In the case
of the 10:1 ratio, almost half of the starting material converted to TcIV. As in the previous study
with sunlight, the TcIV is not identical to TcO2·2H2O prepared in alkaline solution because, while
the XANES spectra demonstrate TcIV, the spectra do not match to TcO2·2H2O.
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Samplea

Ratio

Tc(VII)

P(F)b

Tc(V)

P(F)b

Tc(IV)

P(F)b

PW12:Tc

1:1

0.82(3)

<0.001

0.00(7)

1

0.18(4)

<0.001

PW12:Tc

5:1

0.72(4)

<0.001

0.00(8)

1

0.28(5)

<0.001

PW12:Tc

10:1

0.58(6)

<0.001

0.0(1)

1

0.42(8)

<0.001

Table 4.3 XANES data for UV photocatalyzed reduction of TcO4- by various ratios of PW12:Tc. (a.)
Standard deviation of the fit is given in parentheses. (b.) Probability that the improvement to the fit
due to the inclusion of this spectrum is due to noise. If p(f) < 0.5, inclusion of the standard has
significantly improved the fit, and that oxidation state is presumably present.

ITLC data (Figure 4.3) for the varying stoichiometry samples (1:1, 5:1, 10:1 PW12: TcO4-)
correlates well with the XANES data reported in Table 4.3. In this ITLC system, TcO4- possesses
a Rf of 0.65 while reduced Tc has a Rf of 0.90. Note that for the 1:1 and 5:1, TcO4- is observed
with the reduced Tc amount increasing. For the 10:1 sample, largely reduced Tc is observed. The
amount of TcO4- is minimized in the 10:1 sample compared to the 1:1 and 5:1 samples as found in
XANES data. While the XANES shows some TcO4- in all samples, oxidation may have occurred
during the shipping and sample preparation at LBNL.
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Figure 4.3 ITLC data for PW12:TcO4- at three ratios: 1:1, 5:1, and 10:1. The [TcO4-] is 5 mM and the
photoreduction was accomplished by a broad spectrum xenon lamp. These data were taken two days
after sample preparation and show increasing amount of reduced species (Rf=0.9) with POM and is
consistent with XANES data (Table 4.3).

31

P NMR was taken of the reaction solutions after xenon lamp irradiation. The spectra on

the left (Figure 4.4) corresponds to a 1:1 ratio of PW12:TcO4- and the spectra on the right is 10:1
The spectra show characteristic resonances at -14.94 ppm. Reduced PW12O404- shows a resonance
at -10.57 ppm, so it appears that the POM has reoxidized during the reduction of TcO4-.

Figure 4.4 31P NMR for 1:1 PW12:TcO4- (left) and 10:1 PW12:TcO4- (right).
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4.3.3

Bulk electrolysis to reduce Keggin ions followed by addition of TcO4To better determine the roles of thermodynamics and kinetics in the reduction of TcO4-

using POMs in sunlight and broad spectrum light, samples were prepared by bulk electrolysis of
the Keggin ions XW12:Tc (X= P, Si, Al) to fully reduce the POMs by one electron, followed by
the addition of TcO4-. In this study, we are directly determining the effect of the reduction potential
of the POMs, that is reaction 3, above. Since we are directly reducing the POMs by electrolysis,
that is controlling the reduction of the POMs, we are removing the effects of reactions (1) and (2)
that are operative with sunlight, vide supra, and only investigating reaction (3). Reactions (4) and
(5), represent rapid reactions to form Tc(V) and Tc(IV) that occur after reaction (3).
The stoichiometries used in the bulk electrolysis experiments were 8:1, POM:Tc. We
increased the concentration of Tc over the previous experiments to achieve stronger Tc signals in
X-ray Absorption Spectroscopy (XAS) experiments and to reduce W scattering interference in
EXAFS experiments.

99

Tc NMR was taken immediately after preparation and samples were

analyzed by XANES to monitor TcO4-. Samples were prepared and analyzed in two independent
studies taken one year apart and the corresponding XANES results can be seen in Table 4.4.
The reduced Keggins were produced by applying voltages of -146 mV, -340mV, and -536
mV to 5 mM solutions of PW12, SiW12, and AlW12, respectively, dissolved in 1:1 0.5 M H2SO4
(containing 0.5M Na2SO4): D2O via the working electrode, respectively. The POMs were each
reduced by one electron. The characteristic blue color of reduced POM appeared immediately.
Under inert atmosphere, the rest potential of the reduced POM solution remained constant over a
period of 30 min, ensuring that the reduced POM remained reduced once the applied potential was
removed. Upon addition of degassed 99TcO4- (1.4 equivalents) to the blue solutions, under gentle
stirring, the rest potentials began to increase to more positive values and the solutions gradually
changed from a dark blue color to a dark red-brown color, indicating the reoxidation of the POMs
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as they donated their electrons to the 99TcO4-, and the subsequent reduction of Tc to a lower valent
state. The rate of change in each case was monotonic and the graphs plateau at about 1000 sec for
PW12 and 750 seconds for SiW12. We postulate there is a transfer of electrons occurring.
99
99

Tc NMR was utilized to monitor the reduction of pertechnetate in these reactions. The

Tc NMR (Figure 4.5) was taken immediately after the addition of TcO4- and parallels the

reduction potentials of the POMS. Specifically, AlW12 is the best reducing agent and the

99

Tc

NMR signal for TcO4- is not observed in this sample, indicating that the TcVII was completely
reduced to a lower-valent state. TcO4- is observed however, in both the SiW12 and PW12 samples,
indicating incomplete reduction in these samples. The concentration of TcO4- can be determined
by comparison to a standard TBA-TcO4- solution. After the addition of TcO4-, the concentrations
of TcO4- were measured. The percent of Tc that was present as TcO4- were found to be: PW12:
11%, SiW12: 6.5%, AlW12: 4%.
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Figure 4.5

99

Tc NMR of the controlled bulk electrolysis experiments of solutions containing 8:1

POM:TcO4-. (a) NH4TcO4 standard, (b) AlW12, (c) SiW12, and (d) PW12.

XANES data for these bulk electrolysis reactions are shown in Table 4.4. Two studies were
performed that were one year apart. The first study involved the electrochemical reduction of
PW12, SiW12 and AlW12 by bulk electrolysis followed by addition of TcO4-. 99Tc NMR and 31P
NMR were taken immediately and the samples were sent off for XANES and EXAFS analysis.
The second study, conducted one year later, was a repeat of the electrochemical reduction of PW12
and SiW12 prior to addition of TcO4- performed exactly as in the previous (year 1) study. The first
study, identified Tc(VII), Tc(V), and Tc(IV). The Tc(IV) in the year 1 study was not broken down
into the types of Tc(IV), while in year 2, the Tc(IV) speciation was modeled as TcO2•2H2O and
TcIV (µ-O)2 TcIV. Due to different XANES fitting parameters for the two studies, a summation of
the reduced species can be seen in Table 4.4.
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For year 1, overall, the fit quality is marginal, which suggests that the Tc(IV) complex is
not identical to TcO2·2H2O prepared in alkaline solution, which indeed is consistent in year 2 for
SiW12. The PW12:Tc A sample, from year 1, contains appreciable amounts of Tc(V) according to
XANES analysis, while the SiW12 A and AlW12 samples, from year 1, contain minimal Tc(V) and
mostly Tc(IV) with about 20% TcO4-. PW12:Tc A appears not to contain any TcO4-.
The PW12 C and SiW12 B samples from study 2, year 2, show minimal TcO4-. In these
samples at least 90% represent TcIV species. In fact, the XANES studies in year 2 were modeled
by two different TcIV species in these samples: these TcIV species match to TcO2•2H2O and TcIV
dimers containing a (µ-O)2 moiety, presumably stabilized by Keggin ions. The TcO2•2H2O like
species is found predominantly in the PW12 C sample, while the TcIV (µ-O)2 TcIV species is
significant in the presence of the SiW12 C and TcO2•2H2O is minimized. It is likely that this
difference is ascribed to the differences in basicity of the ligands. Since PO43- is the strongest acid,
PW12 is the weakest ligand of the group because it possesses the least electron density.
Consequently, PW12 is unable to stabilize Tc(IV) under these conditions and TcO2•2H2O is
formed. On the other hand, SiW12 and AlW12 are more electron rich and better ligands. Under these
conditions, they appear to be capable of stabilizing Tc2(µ-O)2 preventing the formation of
TcO2•2H2O. Strangely, the TcO2•2H2O like species is not found when TcO4- is photochemically
reduced in the presence of PW12, vide infra.
The PW12:Tc sample that was prepared and analyzed in study 1, year 1 (PW12:Tc A) and
reanalyzed in study 2, year 2 (denoted PW12:TcB), shows 28% TcO4- and the remainder as TcIV
partitioned between Tc2(µ-O)2 and TcO2•2H2O after 1 year. This is a marked increase in Tc(IV)
and Tc(VII) from its initial analysis (A) that showed no presence of Tc(VII). This suggests that
sample degradation likely occurred over the intervening year. Alternatively, disproportionation of
Tc(V) to Tc(IV) and Tc(VII) may have occurred over the year.23, 84, 85
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Tc(IV)
EDTA

Samplea

Year of
Studyb

Tc(VII)

Tc(V)

Tc(IV)

PW12:Tc A

1

0.00(7)

0.7(2)

0.3(1)

PW12:Tcd B

2

0.28(2)

0.11(9)

0.62(9)

0.73

PW12:Tc C

2

0.05(3)

0.1(1)

0.8(1)

0.9

SiW12:Tc A

1

0.21(9)

SiW12:Tc B

2

0.07(2)

AlW12:Tc

1

0.18(8)

0.1(2)

TcO2•2H2O

1.0

0.7(1)

0.8
0.8(1)

0.1(2)

Σ Reducedc

0.7(1)

0.1(1)

0.9
0.8

Table 4.4 XANES data for bulk electrolysis reduced Keggin ions followed by the addition of TcO4-.
a. All samples carried out at 8:1, POM:Tc stoichiometry. Standard deviation of the fit is given in
parentheses.
b. Refers to which independent study and the year for which the data was obtained.
c. Summation of all identified reduced species of Tc.
d. Sample prepared and analyzed for study 1, year 1 (PW12:TcA). The EXAFS for this sample can be
seen in Table 4.5 and Figure 4.6. The same sample was analyzed again, 1 year later, as a part in
study 2, year 2 and is denoted PW12:Tc B.

EXAFS was performed on the electrochemically reduced PW12 plus TcO4-, denoted as sample
PW12:Tc A from study 1, year 1, in Table 4.4. The spectrum is shown in Figure 4.6 and the fitting
parameters are given in Table 4.5. These data do not fit a simple model and are best described as
belonging to a mixture of species. The fit is improved when all shells are included; the species
representative of these shells can be considered to be observed in the EXAFS experiment. The
coordination numbers were fixed. If allowed to vary, the precision in the coordination numbers is
25% of the value. On the other hand, the distances between Tc and the scattering atoms are precise.
The interpretation of the spectrum is mainly based on these distances.
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Neighbor

Number of
Neighbors

Distance
(Å)

s2 (Å2)a

p(F)b

Local structure
of the α (1) W
site

Tc sitting
above the
C4 axisc

O

1

1.73 (1)

0.005 (2)

0.001

1.72

--

O

4

2.011 (6)

0.0028 (4)

<0.001

1.93

2.00

O

1

2.55 (6)

0.0029 (4)d

0.002

2.33

--

Tc

1

2.58 (3)

0.0072 (9)

0.007

--

W

2

3.44 (2)

0.0072 (9)d

0.010

3.38

O

8

4.00 (2)

0.004 (2)

0.002

6 from 3.7 to 4.1 Å

2.82

Table 4.5 Fitting parameters for EXAFS conducted on electrochemically reduced PW12:TcO4- A
sample from study 1.

a. So2= 0.9 (fixed), ΔEo= 2 (2) eV
b. Probability that the improvement to the fit of including this shell is due to random error.
c. Calculated from the structure of H3PW12 (M.R. Spirlet, W.R. Busing, Acta Cryst 1978, B34,
907-910)
d. Constrained to be the same as the preceding shell

Figure 4.6 EXAFS spectrum (red) and fit (black) for electrochemically reduced PW12 plus TcO4-.
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The short Tc-O distance of 1.73 Å is consistent with the presence of TcO4- however, based
on the presence of scattering from W atoms, it is possible that a short TcV= O bond also contributes
to this shell. The presence of TcO4- is indicated also in the 99Tc NMR data, vide supra, that was
taken after electrolysis and addition of TcO4- (and days before EXAFS analysis). The next two TcO distances are consistent with either TcV or TcIV. The EXAFS data and 99Tc NMR data taken
together suggest that the fittings in Table 4.4 may reflect that where TcV is suggested, that
speciation may also contain TcO4-.
The Tc-Tc distance of 2.5 Å is typical of a TcIV-(µ-O)2-TcIV moiety due to either
TcO2·2H2O or to a dimeric TcIV complex with the rest of the coordination sphere filled by other
ligands. This interaction causes the peak of 2.2 Å in the Fourier Transform. Fitting this peak is
complicated by the presence of Tc-O scattering at a similar distance. Due to the phase difference
of the scattered electrons, EXAFS can resolve scattering from these atoms event though the
difference in distance is very small.
The Tc-W distance is the same as in the TcV=O alpha 2-Lacunary Wells-Dawson ion.86, 87
Since this coordination environment is basically identical to that of a lacunary Keggin ion, this
suggests that at least some of the Tc has been incorporated into the Keggin ion most likely as
TcV=O consistent with the XANES data. Note that the Tc-O and Tc-W distances are not consistent
with Tc coordinated to the surface of a Keggin ion as found in (V=O)2PMo12.88 This was doubledchecked by taking the structure of H3PW12 and placing a Tc atom above the pseudo C4 axis
(actually a C2 axis in the crystal structure) such that the average Tc-O distance was 2.0 Å; the
distances are given in Table 4.5. The final Tc-O distance is also consistent with Tc interacting with
a Keggin ion, but it could also be explained by TcV=O simply adsorbed to a Keggin ion rather than
replacing a WVI= 0 site.
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The presence of TcV strongly suggests that a lacunary POM, presumably PW11, is present
in the mixture. This is plausible. The solution used for the experiment is a 0.5 M H2SO4 (containing
0.5 M Na2SO4):D2O mixture (1:1 vol, 20 mL) and assuming that the presence of D2O and IPA do
not greatly affect the pH, this is a 0.5 M solution of NaHSO4, which has a calculated pH of 1.13
using a pKa of 1.9 for hydrogen sulfate ion. At pH 1.5, PW12 is no longer completely stable89. In
addition, at pH 1, it seems as though other POMs are present in solution, specifically the lacunary
Wells-Dawson ions.89 From the EXAFS spectrum, one can crudely estimate that ~25% of the Tc
is present as Tc in a lacunary ion. This is 1/40th of the amount of PW12 in solution (PW12:Tc=8:1),
so the 31P NMR may have not been sensitive enough to detect this.
The ITLC data of PW12:Tc A (study 1) correlates with the XANES and EXAFS data
described above and supports the formation of a TcV=O PW11 species. We observed that when the
reduced Tc is associated with the POM, for example, when the Tc(V) is incorporated into a defect
site, such as the a2P2W17, the activity is observed at or near the origin with significant tailing.79
We have also observed that radiolanthanides incorporated into the defect of a2P2W17 exhibit
similar ITLC data, where activity remains at the origin.90 Figure 4.7 shows the ITLC of the
electrochemical reduction of PW12 and SiW12 after the addition of TcO4-. The ITLC of PW12:Tc A
shows significant activity at the origin that is consistent with Tc incorporated into a vacancy such
as TcVO(PW11) that is suggested from the XANES and EXAFS data, vide supra. The SiW12:TcA
(year 1) on the other hand shows significant activity at the solvent front (with tailing) that is
consistent with reduced Tc that is not associated with the POM. The broad peak before the solvent
front is representative of TcO4-. This is consistent with the XANES data that shows mostly Tc(IV)
with 21% TcO4-.
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Figure 4.7 ITLC spectra for bulk electrolysis studies of PW12:Tc (left) and SiW12:Tc (right).

4.3.4

In situ reduction of TcO4- by UV Irradiation by PW12, SiW12, AlW12 Keggin ions
The three Keggin ions (PW12, SiW12, AlW12) at a ratio of 8:1, POM:TcO4– were irradiated

at 254 nm for 16 hours (6 Watts, 115 volts, 60 Hz, 0.20 amps). The reduction process of PW12 can
be easily followed by color wherein the first color seen is dark blue due to the reduced species of
PW12O404- and then turns dark red-brown suggesting reduction to lower valent Tc. Both the
aqueous unreduced POM and the TcO4- are colorless. This can be seen in Figure 4.8.

Figure 4.8 Progression of photocatalytic reaction of PW12 and TcO4-.

UV-Vis spectra were taken of the UV irradiated samples. The 50 mM sample of PW12
irradiated with UV light shows a broad band growing in at ca 740 nm corresponding to the blue
59

coloration upon reduction (Figure 4.9). This blue color is observed within 5 minutes of irradiation
with UV light. As the sample continues to be irradiated, reduction of the PW12 continues and after
four hours, saturation of the detector for concentrated solutions of the sample was observed.

1.85
t=0
Absorbance

1.35

5 minutes
15 minutes
30 minutes

0.85

1 hour
2 hours
4 hours

0.35

-0.15 400

500

600
Wavelength (nm)

700

800

Figure 4.9 UV-Vis spectra of 50 mM PW12 solutions upon a ladder of exposure times to UV light.
Samples were purged with nitrogen for 20 minutes prior to irradiation and spectra were taken in 1
cm cuvettes in air.

Characteristic UV-Vis absorbances for TcO4- are found at 244 and 287 nm. These peaks
remain intact upon irradiation with UV light, but after 24 hours, small features begin to emerge at
320 nm and around 500 nm (Figure 4.10). This is consistent with literature studies of reduction of
TcO4- with gamma irradiation wherein absorption peaks at 320 nm (e = 6800 M-1 cm-1) and a weak
absorption at 500 nm (e=700 M-1 cm-1) are attributed to Tc(IV). The emergence of these peaks
occurs after 24 hours of irradiation and underscores that TcO4- can be reduced itself by UV
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irradiation; this phenomenon is a small component of the irradiation using the POM. Furthermore,
we also see some (<20%) reduction for TcO4- controls in XANES studies when irradiation is
continued for around 24 hours. Upon addition of TcO4- to the reduced POM, we observe the blue
color disappear and the emergence of a red-brown color that corresponds to the emergence of a
visible peak at ca 450 nm (Figure 4.11).

Figure 4.10 UV-Vis spectra of a 5 mM TcO4- solution upon a ladder of exposure times to UV light.
Spectra were taken of ten times dilutions of the reaction solution. Samples were purged with nitrogen
for 20 minutes prior to irradiation and spectra were taken in 1 cm cuvettes in air.
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Figure 4.11 UV-Vis spectra of 10:1, PW12:TcO4- upon a ladder of exposure times to UV light.
Samples were purged with nitrogen for 20 minutes prior to irradiation. Spectra were taken of the
concentrated reaction solution in 1 cm cuvettes in air.

XANES data were collected for all three POM samples after UV irradiation (Table 4.6).
The data were fit to standards including TcO4-, TcIV EDTA that is a marker for Tc2(µ-O)2 core,
and TcO2· 2H2O. Interestingly, two different TcIV species appear to be present in these samples: a
TcO2· 2H2O like species and TcIV dimers stabilized presumably by the Keggin ions. The TcIV µoxo dimers appear to be the most prevalent species in these reductions compared to the TcO2·
2H2O like species. The Keggin ions may be reasonably good ligands capable of stabilizing Tc2(µO)2 preventing the formation of TcO2· 2H2O. Certainly, the SiW12 and AlW12 are electron rich and
should be better ligands. For all POMs, the TcO4- was reduced to TcIV in similar quantities with
minimal amounts of TcO4- remaining. This high level of reduction compared to the results seen
from sunlight reduction is likely due to the higher flux and constant UV energy from the controlled
irradiation source.
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Sample

TcO4-

p(f)b

TcIV𝝁O2

p(f)b

TcO22H2O

p(f)b

PW12

0.06 (2)

0.002

0.72 (9)

0.000

0.22 (9)

0.056

SiW12

0.07 (2)

0.001

0.76 (8)

0.000

0.18 (8)

0.081

AlW12

0.12 (2)

<0.001

0.73 (8)

0.000

0.15 (8)

0.166

Table 4.6 Tc K-edge XANES results for the PW12, SiW12, and AlW12 Keggin ions after UV
irradiation.a

a. Standard deviation of the fit is given in parentheses.
b. Probability that the improvement to the fit due to the inclusion of this spectrum is due to
noise. If p(f) < 0.05, inclusion of the standard has significantly improved the fit, and that
oxidation state is presumably present.

4.4

Conclusion
The aim of this work involved investigating the potential of “plenary” Keggin POMs to reduce

and stabilize reduced Tc species. This differs from previous work conducted by our group in that
the POMs in this study did not contain a defect site for Tc coordination. Rather, the Tc exhibited
surface binding to the POM. This is supported by the ITLC, XANES, and EXAFS collected for
the electrochemically reduced PW12 sample. In the ITLC spectra, the Tc mostly stays at the origin
for PW12:TcA (study 1). This was also seen for other radiometals, including TcV=O, incorporated
into POMs in the literature.79, 90 This supports the finding that the Tc is incorporated into a vacancy
as TcVO(PW11). In contrast, the Tc is seen to move with the solvent front for the SiW12
electrochemically reduced sample. This finding is indicative of reduced Tc that is not associated
with POM coordination. This finding is further supported with data from XANES analysis.
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CHAPTER FIVE
The Use of Titanium Dioxide (TiO2) and Titanium Dioxide/Graphene Oxide
Nanocomposites (TGO) for the Photoreduction of 99Tc
5.0

Introduction
Research into the sequestration of radionuclides from aqueous media is being conducted

due to the contamination of aqueous waste effluents and groundwater with highly toxic long-lived
radionuclides. These contaminants are introduced into water and streams from legacy nuclear sites,
nuclear power plant accidents, continued production of contaminated cooling water from healthy
reactors, nuclear weapons testing, and plutonium production. It has been estimated that the cost
for remediation of the actinide infected areas of the United States is up into the tens of billions of
dollars range.91
Many of the storage tanks at Hanford have been reported to be in bad structural condition
with corrosion and leaks. It has been reported that a total of 6 tanks are currently leaking.92 One
such tank was reported to have been leaking 640 gallons annually since 2010. These major leaks,
in addition to previous smaller leaks, have contributed to an approximate total of 1 million gallons
of highly radioactive waste having been leaked into the ground, contaminating both the
surrounding soil and water. Many radionuclides are present in these contaminated areas, and the
primary

99

Tc species is found as pertechnetate.93 These contaminants are traveling through the

groundwater and are headed towards the Columbia River. They are expected to reach the Columbia
River somewhere between 12-50 years.94
Many strategies have been examined for their use in removing 99Tc from aqueous samples.
Some investigated materials include anion exchange resins95-98, zero valent iron99-101, iron
sulfide102-104, activated carbon105-107 and adsorption of pertechnetate by clays108, 109 and cationic
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frameworks.98, 110 many others not listed here. There has not been a material or system that has
outperformed all others, and the investigation is ongoing to find a strategy that is both selective
for Tc and not negatively impacting the environment.111 The strategy under investigation in this
work is the use of titanium dioxide and titanium dioxide/graphene oxide nanocomposites (TGO).
Graphene is a single atom thick sheet of sp2 hybridized carbon atoms. These sheets have
extraordinary electrical, optical, and mechanical properties.112 Graphene oxide (GO), therefore, is
a graphene sheet functionalized with oxygen-containing functional groups, such as carboxylic
acid, epoxide, and hydroxyl groups. GO is non-toxic and biodegradable.91 GO has a large surface
area and can serve as an eco-friendly platform to bind titanium dioxide to the surface, which could
then potentially be used to reduce technetium present in aqueous solutions. Titanium dioxide
(TiO2) is of great interest because it has already shown to be a good material for photocatalytic
reduction and for removing toxic materials from the environment. Furthermore, it has a strong
reducing potential and is found to be chemically inert in a variety of environments.113 We
hypothesized that these properties, along with an interaction with GO, will make this composite a
suitable material for reducing and potentially binding technetium.
5.1
5.1.1

Part 1: Synthesis and characterization of the nanomaterials2
Experimental
All materials were purchased as reagent grade and used without further purification, unless

otherwise noted.

Part 1 of this chapter (Section 5.1) was produced as part of a collaborative effort with Dr. Sam Groveman
and conducted at Medgar Evers College. The following section is the result of that joint work. The writeup herein is used with his permission.
2
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5.1.1.1 Preparation of graphene oxide (GO)114
GO was synthesized utilizing a modified Hummers’ Method. Concentrated sulfuric acid
(8.464 mol, 460 mL) was chilled to 0 oC in an ice bath. Once chilled, nanographite (Asbury
Graphite Mills Inc., 1 mol, 12 g) was added. Making sure the temperature did not exceed 10 oC,
KMnO4 (0.380 mol, 60 g) was added slowly to the acid mixture. The mixture was then heated to
40 oC and stirred for 2 hours. The solution was then heated to 65 oC over the course of 30 minutes.
Once 65 oC was reached, the solution was cooled to 10 oC in an ice bath. Making sure the
temperature did not exceed 50 oC, DI water (920 mL) was added slowly to the acid and then stirred
for 10 minutes. Additional DI water (2.5 L) was added. Hydrogen peroxide (50 mL, 30%) was
added portion-wise over 10 minutes. The solution was then allowed to settle for a minimum of 24
hours.
After the allotted time, the supernatant was decanted off, and the remaining sediment was
centrifuged (5,000 rpm, 30 minutes) with an Eppendorf 5434 bench-top centrifuge. The product
was washed eight times with a 5% HCl solution via centrifugation, decanting off the supernatant,
and then resuspended with the HCl solution. The product was then washed eight more times
following the same procedure as above but utilizing DI water instead. The final product was then
dried via lyophilization and then under ultra-high vacuum (10-5 mbar) for a minimum of three days
and then stored in a glove box under argon.
5.1.1.2 Preparation of titanium dioxide/graphene oxide composites (TGO)115
The TGO composites were synthesized utilizing the mechanism of electrostatic attraction.
A modified sol-gel method was utilized at a low temperature of 80oC: Titanium n-butoxide
(TBOT) (0.018 mol, 6.1 mL) was dissolved in 2-propanol (0.027 mol, 2 mL). A graphene oxide
(420 mg) solution, water (2.77 mol, 50 mL), and nitric acid (0.0018 mol, 0.08 mL) was prepared.
The TBOT solution was added drop wise to the GO solution at a rate of 1 mL/min with vigorous
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stirring. The molar ratio of TBOT: water: 2-propanol: nitric acid was 1:155:1.5:0.1. The obtained
suspension was stirred at 80 oC for 24 hours under reflux to yield the TGO composites. After the
allotted time, the suspension was allowed to cool to room temperature and the composites were
collected via centrifugation. They were then subsequently washed 3x with water via centrifugation
(5,000 rpm, 30 minutes) and decanting. The final product was then dried by lyophilization and
high vacuum (10-5 mbar).
5.1.1.3 Preparation of titanium dioxide (S-TiO2)
The S-TiO2 nanoparticles were prepared exactly utilizing the same sol-gel method as TGO
(found in section 5.1.1.2 of this chapter), eliminating the addition of GO to the reaction mixture.
A modified sol-gel method was utilized at a low temperature of 80 oC: Titanium n-butoxide
(TBOT) (0.018 mol, 6.1 mL) was dissolved in 2-propanol (0.027 mol, 2 mL). A solution of water
(2.77 mol, 50 mL) and nitric acid (0.0018 mol, 0.08 mL) was prepared. The TBOT solution was
added drop wise to the nitric acid dilution at a rate of 1 mL/min with vigorous stirring. The molar
ratio of TBOT: water: 2-propanol: nitric acid was 1:155:1.5:0.1. The obtained suspension was
stirred at 80 oC for 24 hours under reflux to yield the S-TiO2 composites. After the allotted time,
the suspension was allowed to cool to room temperature and the composites were collected via
centrifugation. They were then subsequently washed 3x with water via centrifugation (5,000 rpm,
30 minutes) and decanting. The final product was then dried by lyophilization and high vacuum
(10-5 mbar).
Commercially available TiO2 (C-TiO2) was obtained from Sigma Aldrich <25 nm particle
size, 99.7% trace metal basis nanopowder. Analysis of both the S-TiO2 and C-TiO2 are described
in the following sections.
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5.1.2

Materials Analysis

5.1.2.1 UV-Vis Diffuse Reflectance Spectroscopy
UV-Vis Diffuse Reflectance spectra were obtained using a Shimadzu SolidSpec-3700
DUV UV-Vis-NIR Spectrometer. Samples were prepared by mixing the materials of C-TiO2, STiO2, 50/50 mixture, TGO, and GO with barium sulfate. The resultant mixtures were analyzed
from 240-700 nm.
Diffuse reflectance was used for characterization over traditional UV-Vis spectroscopy due
to the solid nature of these materials. Since these materials do not dissolve readily in any solvents,
it was more desirable to analyze them in their natural, solid state. This technique allows for
essentially the same data as UV-Vis to be collected, but via a means that is more suitable for these
materials. The spectra in Figure 5.1 show that GO has an almost featureless absorption in the UVVis region, while any TiO2 containing mixture shows absorption in the UV region. The C-TiO2
sample has an absorption edge at 390 nm, the S-TiO2 has a very similar absorption edge at 380
nm, and the 50/50 mixture is in that same region at 395 nm. The TGO composite shows absorption
in both the UV and the visible region with an absorption edge at 425 nm.
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Figure 5.1 UV-Vis Diffuse Reflectance spectra of C-TiO2, S-TiO2, 50/50 mixture, TGO, and GO.

The energy of the band gap is able to be calculated utilizing the information obtained from
this analytical technique; equation (5.1) was used:
(5.1)

𝐸=Ž

•∗6

y••+‘’’

Where E is the energy of the band gap, ƛcut-off is the value of lambda intercepted linearly on the xaxis from the inflection points of the material profiles found in Figure 5.1, h is Planck’s constant,
and c is the speed of light. From this analysis, S-TiO2 has a band gap of 3.26 eV (eq) which is
consistent with literature values,115 while the TGO composite has a band gap of 2.91 eV (see Table
5.1). The measured band gap represents a significant reduction in the band gap for TGO over TiO2,
and indicates a successful synthesis of the TGO material, and a good potential for its ability to
increase the efficiency of TiO2 reduction in the visible region.116
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Material

ƛcut-off (nm)

Band Gap (eV)

S-TiO2

380

3.26

C-TiO2

390

3.18

50/50

395

3.13

TGO

425

2.91

Table 5.1 Diffuse Reflectance data for S-TiO2, C-TiO2, 50/50 mixture, and TGO.

5.1.2.2 Fourier Transform Infrared Spectroscopy
Medium IR (600-4000 cm-1) measurements of C-TiO2 and TGO materials were conducted
using a Thermo Scientific NICOLET 6700 spectrometer by means of a Specac MKII Golden Gate
ATR cell. Each spectrum was collected with 2048 scans at a resolution of 4 cm-1.
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Figure 5.2 FT-IR spectra of TGO, C-TiO2 and GO. Samples were dried under high vacuum (10-5
mbar) for 5 days and loaded into the cell inside an Argon glove-box.

The IR spectra of TGO, C-TiO2, and GO are shown in Figure 5.2. The spectrum of TiO2
shows broad bands below ~950 cm-1 that are characteristic of the inorganic Ti-O-Ti network.117
These intense peaks found at 818 cm-1 and at 733 cm-1 on the sloping background are assigned the
A2u and Eu modes, respectively. In the TGO spectra, the first two peaks, albeit with a lower
intensity, are clearly recognized at 818 cm-1 and at 716 cm-1. The third peak is evident from the
spectrum envelope. The peak at 1050 cm-1 in GO is attributed to the vibration of C-O.118 In TGO,
this peak is significantly shifted to 1207 cm-1. This shift is attributed to the limited mobility of the
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basal plane of GO interacting with TiO2 nanoparticles. The peak at 1366 cm-1 is associated with
the vibration of O-H, similarly to the peak at 1370 cm-1 of GO.118
The sulfate and persulfate peaks are essentially no longer present in TGO, as shown by the
EDX measurements seen in Figure 5.6. In GO the stretching S=O or n(S=O) of sulfate and
persulfate were identified at 1138 cm-1 and at 1159 cm-1.119-121 The narrow peak at 1223 cm-1 in
GO is attributed to the stretching epoxy C-O-C, is absent in TGO.122 The peak at 1605 cm-1 in
TGO is attributed to the stretching C=C, similarly to the peak at 1590 cm-1 in GO.118, 123 However,
TGO is wetter than GO in spite of prolonged drying. Higher water content is reflected by the
shoulder peak at 1672 cm-1 in TGO, due to the deformation vibration of water.118, 123 The stretching
carbonyl (C=O) in TGO peaks at 1735 cm-1, while in GO it peaks at 1745 cm-1.118, 123 The stretching
O-H in GO is found at 3399 cm-1 was assigned to O-H vicinal to epoxy groups.118 The peak at
3194 cm-1 in TGO was attributed to the stretching vibration in water molecules (O-H) involved in
hydrogen bonding (OHHB) and the peak at 3360 cm-1 due to O-H from adsorbed water interacting
with TiO2 nanoparticles (OHTiO2).117 The summary of the assignments of the main IR peaks of the
materials and their comparison with compiled literature data is summarized in Table 5.2. The FTIR largely show the expected spectra for a combination of GO and TiO2 materials and are in
agreement with the spectra found in the literature.
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Wave numbers (cm-1)

Literature
Valuesa

GO

TGO

TiO2

Ti-O-Ti vibration

<950 (B)

-

-

<950

C-O vibration

1060 (C)

1050

1207

-

S=O stretching

1183, 1225 (D)

1138, 1159

-

-

C-O-C stretching

1225 (E)

1223

-

-

O-H vibration

1395 (C)

1370

1366

-

C=C stretching

1580 (C)

1590

1605

-

1620 (C)

-

1672

-

C=O stretching

1720 (C)

1745

1735

-

H2O stretching vibration

3195 (C)

-

3194

-

H2O stretching vibration

3360 (B)

-

3360

-

3402 (C)

3399

-

-

H2O deformation
vibration

O-H stretching vibration
of GO

Table 5.2 FT-IR peak compilation for GO, TGO, and TiO2 spectra versus literature values

A. References for literature values are given in parentheses with their corresponding details
below.
B. References obtained from Liu, et al.117
C. References obtained from Hontorialucas, et al.118
D. References obtained from Eigler, et al.119
E. E. References obtained from Pedersen, et al.122
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5.1.2.3 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was performed using a Shimadzu DSC-60
instrument. Analyses were performed on samples ranging from 2-8 mg, loaded into crimped
aluminum pans, with α-alumina as a reference. Samples were heated from 40°C to 550°C at a rate
of 1°C per minute, and then held for 5 minutes at 550°C.

Figure 5.3 DSC profiles of two consecutive TGO runs, TiO2, GO, and a 50/50 mixture of TiO2/GO
powders.

DSC analysis was performed on the TGO, GO, TiO2, and a 50/50 physical mixture by mass
of TiO2 powder and GO powder (Figure 5.3). The information derived from the DSC spectra is in
agreement with the DTG results. The same TGO sample was run two times consecutively, the first
run showing exothermic peaks at 188°C and 441°C, while the second run shows no peaks. The
fact that the exothermic peaks are absent during the second run indicates that they are linked to the
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decomposition of GO surface groups and decomposition/combustion of GO basal plane as in the
DTG results. This interpretation is confirmed by the fact that TiO2 shows no significant features
over the entire temperature range. The GO sample shows a single exothermic peak at 155°C. The
second peak corresponding to the mass loss in the DTG profile between 350°C and 570°C is cut
off due to instrumental limitation (an aluminum crimped pan was used) but its inception can be
seen above 480°C. The 50/50 mixture shows a single peak at 185°C and is aligned to the 188°C
peak of TGO. Both the latter two peaks are higher than the peak at 155°C of GO. This difference
seems to indicate that the decomposition of the surface groups on GO is delayed by the presence
of TiO2.
5.1.2.4 X-ray Diffractometer (XRD)
Powder XRD spectra were obtained using a Bruker D8 Focus X-ray Diffractometer with
λCu,1α=1.540600 Å and λCu,2α=1.544390 Å. Samples were analyzed from 5-105° 2θ with a stepsize of 0.01° 2θ and a scan-rate of 9 seconds per step.
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Figure 5.4 Powder XRD spectra of C-TiO2, S- TiO2, TGO, and GO. TiO2 peaks were assigned by
correlative analysis from the literature.124, 125

The crystalline structure of TGO was investigated in comparison to that of the S-TiO2 and
C-TiO2 anatase (Figure 5.4). The synthesized S-TiO2 has the same diffraction pattern as the CTiO2, however the peaks are broader and less well defined than in the commercial sample, as is
typical of nanomaterials. For the TGO sample, the same diffraction pattern is measured as in the
S-TiO2 sample, with the addition of a characteristic GO peak at 11.2° 2θ. The interlayer separation
in TGO is estimated to be equal to 7.9 Å based on Figure 5.4. The interlayer separation is found
from the Bragg equation: nl=2dsinq, where nl is an integer multiple of wavelengths, q is the
incident angle, and d is the spacing of the planes. This value is slightly less than 8.9 Å as in the
case of pristine GO. This difference may be due to the interaction between GO and the TiO2
nanoparticles. Using the Scherrer equation to estimate the particle size from the 101 peak yields
6.5 nm for the S-TiO2 and 30.1 nm for the C-TiO2, which is larger than the expected 25 nm.
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Particle size can be estimated from the peaks found through XRD analysis by utilizing the
Scherrer equation (Equation 5.2). D is the mean crystal size in nm, K is the unitless crystallite
shape factor and a good approximation to use is 0.9, l is the wavelength of the incident x-ray
source, b is the full width at half max of the x-ray diffraction peak, and q is Braggs angle.
(5.2)

𝐷=

”Ž
• cos ™

The difference in definition of the peaks of the S-TiO2 versus C-TiO2 is attributed to
particle size. Larger particle size is linked to more crystalline structure, which yields more defined
peaks on the XRD. Conversely, the smaller particle size of the S-TiO2 results in less crystalline
structure and thus broader, less defined peaks.126
The XRD spectra for TGO demonstrate that anatase nanoparticles did form in the reaction,
and that the formation did not have a negative effect on the graphene oxide, or its degree of
exfoliation, which retains its characteristic peak at ~11.2° 2θ. This finding is significant in that the
TGO papers cited in this dissertation did not exhibit a GO peak (~10-11° 2θ) in their TGO XRD
spectra. Only one group addressed this phenomenon and attributed the loss of the GO peak to the
disruption of the regular stacking of GO by intercalation of TiO2.127 This group had the same 3:2,
TiO2:GO weight ratio as our work but their TiO2 nanoparticles were nanorodular in shape, whereas
ours are spherical. While the TiO2 nanorods had an average diameter of only about 2 nm, their
length was between 5-60nm. This size is also significant in that the S-TiO2 spheres had an average
diameter of only 6.5 nm. It’s possible that the spherical nature and smaller average size of the STiO2 particles have less of a disruptive effect on the GO stacking and therefore allow for the GO
peak to be observed.
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5.1.2.5 Transmission Electron Microscopy and Energy Dispersive X-ray Spectroscopy
All data were collected at 200 kV on a Jeol 2100 transmission electron microscope
equipped with EDAX at the eucentric point to ensure reproducibility of the measurements. A 10
μL drop of the GO, TiO2, or TGO dispersion was placed on a 300 mesh copper grid (TED Pella
Inc.) and allowed to dry for several minutes before imaging.

Figure 5.5 TEM images for (A) GO, (B) S-TiO2, (C) TGO, and (D) C-TiO2.

TEM images of the GO and TiO2 materials show that GO starting material (Figure 5.5 A)
appeared as expected with successful exfoliation of the graphite precursor. The TEM of the S-TiO2
nanoparticles (Figure 5.5 B) also shows successful synthesis of the nanoparticles, with a narrow
dispersion and an approximate diameter of ~7 nm, along with significant aggregation of the
particles. The TEM of the TGO composite (Figure 5.5 C) shows that the GO surface has been
successfully coated in the S-TiO2 nanoparticles as evidenced by the TGO composite material area
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showing the TiO2 nanoparticles covering the cloudy area of the GO. The TEM of the C-TiO2
(Figure 5.5 D) shows a similar aggregation of particles as in the S-TiO2 but with a highly variable
particle size, ranging from ~15-40 nm, this is consistent with the XRD results (above) and the
particle size determination as calculated above using the Scherrer equation (Equation 5.2) and is
consistent with the high crystallinity in the XRD.

Figure 5.6 EDX spectra for (A) GO, (B) S-TiO2, (C) TGO, and (D) C-TiO2.

Figure 5.6 shows EDX spectra for the GO and TiO2 materials, where the x-axis is given in
keV and the y-axis is in intensity. EDX measurements show a pure GO starting material (Figure
5.6 A) consisting of only carbon (C), oxygen (O), and sulfur (S) present. The sulfur presence is
left over from the synthesis that utilizes concentrated sulfuric acid. The EDX of the S-TiO2 (Figure
5.6 B) shows primarily titanium (Ti) and O, with some small amounts of C which is likely due to
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leftover alkoxide starting materials from the TiO2 synthesis. The EDX for TGO (Figure 5.6 C)
shows the characteristic GO C, O peaks, and S peaks with the addition of Ti. The EDX for the CTiO2 (Figure 5.6 D) shows that only O and Ti present.
5.1.2.6 Differential Gravimetric Analyses
Differential thermal gravimetric analysis (DTG) was performed using a Shimadzu DTG60A thermal-gravimetric analyzer. Measurements were performed on samples ranging from 2-4
mg, loaded into open platinum pans, with α-alumina as a reference. The samples were heated from
40°C to 900°C at a rate of 1°C per minute.

Figure 5.7 DTG profiles of TiO2, TGO, and GO.

DTG analysis of the samples (Figure 5.7) shows the expected results for GO. A first mass
loss (15%) is detected below 120°C which corresponds to water loss (the samples used were simply
lyophilized). A second mass loss (of an additional 28%) is detected between 120°C and 350°C,
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with a nested feature between 180°C and 290°C, is attributed to the loss of surface functional
groups.128 This loss includes decarboxylation of carboxylic groups through CO2 and CO losses,
and loss of organic sulfates and persulfates as SO2. A third mass loss (from 28% to 105%) was
measured between 350°C and 570°C which is attributed to the decomposition/and partial
combustion in air of the carbon basal plane and release of carbon monoxide or carbon dioxide.
This mass loss is attributed to decomposition of epoxy and hydroxyl groups. The DTG profile ends
at negative values due to decalibration of the instrument caused by the explosive nature of GO.
The TiO2 sample showed a small mass increase (3%) across a wide range of temperature
(40°C to 680°C) due to the coalescence of TiO2 nanoparticles mediated by water adsorption. This
mass loss was reversed between 680°C to 870°C down to 3%, likely from the loss of OH surface
groups on TiO2.
The TGO sample showed a similar loss pattern to that of GO. Loss of water (8%) is
observed below 120°C. A small mass loss (of an additional 7%) is seen between 120°C and 400°C,
corresponding to a more significant loss in GO. This event is attributed to the loss of surface
functional groups. This loss is less pronounced than GO because the GO was diluted by TiO2 and
because some of the functional group may have reacted with TiO2 nanoparticles during the
synthesis of the TGO composite. A third mass loss (of an additional 11%) is measured between
400°C and 470°C. This mass loss is narrower than the corresponding mass loss in GO (350°C to
570°C) probably due to the catalytic role of TiO2 in the decomposition of GO within TGO. This
mass loss is likely to be accompanied by evolution of CO2 and CO. The sample loses further mass
(of an additional 13%) possibly to slower combustion of residual carbon in TGO or loss of OH
groups from TiO2. The remaining calcined residue is due to TiO2.
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While the shift to the lower temperature decomposition is visible in the TGO sample, this
shift is not evident in the 50/50 mixture of TiO2 and GO. Since this mixture consisted of the CTiO2, the larger particle size and bulk nature of the C-TiO2, as confirmed in the XRD (Figure 5.4)
and TEM (Figure 5.5), likely explains its poor reduction capabilities compared to the larger surface
area available in smaller particle size S-TiO2 that was formed in the TGO reaction.
By this method, it can be determined that the TGO sample was approximately 40% GO
and 60% TiO2. This indicates that there is a mass ratio of 3:2, TiO2: GO in the TGO product. This
is significant in that our starting materials had only 7% GO by weight, but the final product
contains 40%. This is most likely attributed to the TiO2 nanoparticles not adhering to the GO
surface and getting removed during the washing process. The supernatant after centrifugation of
the TGO composites was very cloudy and could not be resolved without extensive high g-value
centrifugation, resulting in a significant amount of TiO2 remaining in suspension.
5.2

Part 2: Use of TiO2 for the photoreduction of TcO4This section discusses the photocatalytic reduction of TcO4- using TiO2. The use of both C-

TiO2 and S-TiO2 are discussed.

99

Tc was obtained from Oak Ridge National Laboratory (as

NH4TcO4). All 99Tc handling was executed in an appropriately equipped laboratory approved for
the use of low-level radioactivity. Solid ammonium pertechnetate (NH4TcO4) was treated with
H2O2 to oxidize any reduced forms of

99

Tc. Standardization of prepared aqueous ammonium

pertechnetate solutions was conducted according to established UV-Visible spectroscopic
procedures.31, 32
5.2.1

Experimental setup for the photoreduction solutions
10 mg of TiO2 and 0.5 mL of 5 mM NH4TcO4 were added to a reduction solution of 0.5 M

sulfuric acid and isopropyl alcohol (IPA) (2:1 by volume) in a 3 mL cuvette with a pH of ~0.8.
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The suspensions were degassed with N2 for 15 minutes. Four different light conditions were
analyzed: UV light at 254 nm (UV lamp), sunlight, broad-spectrum sunlight simulator Xe lamp,
and darkness. UV samples were irradiated in a quartz cuvette with a Spectroline Shortwave UV
lamp (6 Watts, 115 volts, 60 Hz, 0.20 amps) for 20 hours (unless otherwise noted) at 5 cm from
the lamp with stirring. Sunlight samples were left on a windowsill for 3 weeks in glass vials during
summer without stirring. Broad-spectrum sunlight simulation samples were irradiated in glass
vials with a Hanovia Xe lamp (140 Watts, 115 volts, 50 Hz, 3.9 amps) at 5 cm from the lamp with
stirring. Dark samples were covered in aluminum foil and stirred for 20 hours. After the irradiation
periods, the supernatants were separated from the nanoparticles via centrifugation (20 minutes,
3,400 rpm) on a Hamilton Bell Benchtop VanGuard 6500 Centrifuge. Additionally, controls were
prepared, which were identical to the samples except for the absence of TiO2 but run under the
same conditions.
5.2.1.1 Analytical Methods for Post-Irradiation Sample Analyses
5.2.1.2 Liquid Scintillation Counting (LSC)
LSC was used for quantifying the amount of 99Tc that had been adsorbed to the surface of
TiO2. Percent adsorption to the TiO2 was found by centrifuging (20 minutes, 3,400 rpm) the postirradiated reactions of TcO4- and TiO2 and then measuring the amount of activity remaining in the
supernatant and subtracting from the total activity measured for the TcO4- control. LSC was
performed on all irradiated samples in triplicate. 20 µL of 100x dilutions of the supernatants were
added to 4 mL of SX12-4 ScintiVerse Scintillation II Cocktail or Ultima Gold-MV Scintillation
Cocktail and then counts per minute (CPM) were obtained for

99

Tc on a Perkin Elmer TriCarb

2910 TR. Calculation of activity using a control sample was also performed.
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5.2.1.3 Instant Thin Layer Chromatography (ITLC)
ITLC was performed on all irradiated samples as it monitors the β- emission of

99

Tc.

Supernatant from the reactions was spotted on cellulose paper and developed using a 0.9% saline
solution as the mobile phase. ITLC was conducted on a Bioscan AR-2000 utilizing a highresolution grating. In previous studies with TiO2 in our lab, reduced Tc solutions were analyzed
by ITLC and XANES as well. In all cases, the reduced Tc is Tc(IV) by XANES and this species
displays a Rf of close to 1.0. Free TcO4- displays a Rf of 0.6. This behavior is identical to that
described in Chapter 4129 with Keggin reduction and establishes the ITLC method as valid for
analysis of reduced Tc and TcO4- reported in this chapter for TiO2 and TGO photoreductions (part
2 and part 3, respectively). Also, this is consistent with literature wherein reduced Tc(IV) moves
with the solvent front (Rf: 1.0) and TcO4- has a Rf of 0.7.70, 72, 130 The reduced Tc(IV) species is
postulated to be a polymeric form of Tc(IV) oxide71 that is consistent with the XANES and EXAFS
found in our studies with TiO2 reduction.
5.2.2

Photoreduction Capability Determination of TiO2 with UV Light
Reaction solutions were prepared and analyzed as described previously in more detail

(Section 5.2.1). 10 mg of TiO2 and 0.5 mL of 5 mM NH4TcO4 were added to a reduction solution
of 0.5 M sulfuric acid and isopropyl alcohol (IPA) (2:1 by volume) in a 3 mL cuvette, pH of initial
sample 0.8. Two TiO2 substrates were used that have been described in detail previously (Section
5.1); synthesized TiO2 (S-TiO2) and commercially purchased TiO2 (C-TiO2). The reaction
solutions with added nanoparticles were degassed with N2 for 15 minutes. UV samples were
irradiated in a quartz cuvette with UV light at 254 nm for 24 hours at 5 cm from the lamp with
stirring. Dark samples were covered in aluminum foil and stirred for 24 hours. After the irradiation
periods, the supernatants were separated from the nanoparticles via centrifugation (20 minutes,
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3,400 rpm). Additionally, controls were prepared, which were identical to the samples except for
the absence of a substrate but run under the same conditions.
5.2.2.1 Data Analysis from Photoreductions
Using a combination of Liquid Scintillation Counting (LSC) and instant Thin Layer
Chromatography (ITLC) we can determine 1) the partitioning of Tc between the solid adsorption
of Tc on the TiO2 (or other solid phase) and the supernatant (LSC) and moreover 2) the speciation
of the Tc in the supernatant between TcO4- and reduced Tc by ITLC. These techniques and
calculations are described in the following sections.
5.2.2.2 Liquid Scintillation Counting
Data was compiled from the analysis of the reaction solutions by both LSC and ITLC to
provide a complete overview of the

99

Tc present in solution and adsorbed to the substrate after

irradiation. Liquid Scintillation Counting (LSC) data for the supernatant of each sample, obtained
in Counts Per Minute (CPM), was subtracted from the data in CPM for the control that contained
the same amount of TcO4- prior to irradiation to give a corresponding percentage of the total
amount of 99Tc the TiO2 substrate was able to remove from the whole of the solution. Thus, the
LSC data will provide the % Tc adsorbed to the TiO2. See Equations (5.3) and (5.4). The LSC data
(obtained in Counts Per Minute (CPM)) for the control for these reactions (Equation (5.3, Control
CPM) was obtained from analyzing the reaction solution minus the addition of nanomaterials;
composed of 0.5 mL of 5 mM NH4TcO4, 1 mL 0.5 M sulfuric acid, and 0.5 mL isopropyl alcohol.
(5.3)
(5.4)

𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝐶𝑃𝑀 = 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐶𝑃𝑀 − 𝑆𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝐶𝑃𝑀
% 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 =

`lT3S¡Ql ¢£¤
¢3kHS34 ¢£¤
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5.2.2.3 Instant Thin Layer Chromatography
Instant Thin Layer Chromatography (ITLC) was also performed on the supernatants and
provides information of the speciation of the 99Tc that remained in solution. The 99Tc speciation
can be determined from the retention factors (Rf) found on the ITLC analysis. Figure 5.8 shows
the ITLC difference in retention factors for pertechnetate (Rf=0.7) and reduced Tc (Rf=0.9). Thus,
the ITLC data will give speciation of the supernatant between Tc(IV) and TcO4-. We have shown
from XANES experiments that reduced Tc, i.e. Tc(IV) from these conditions exhibits a Rf of 0.9
while TcO4- shows a Rf of 0.7. These will be discussed later in this chapter. This behavior is
consistent with that observed by Vichot70 and Sekine.71 Moreover, we observe this behavior upon
reduction of TcO4- using Keggin polyoxometalates, that resemble TiO2 in their photocatalytic
reduction behavior.50
Figure 5.9 shows the speciation for

99

Tc after irradiation using the LSC and ITLC

approaches described above. The conditions are described in the experimental and the pH was set
to 0.8. These are adsorbed to the TiO2, TcO4- in the supernatant and Tc(IV) in the supernatant.
The percent adsorbed, denoted as black on the graph, is data obtained from LSC analysis. It refers
to the 99Tc that has been removed from the reaction solution and adsorbed to the substrate in some
way. Rf = 0.7 and Rf = 0.9 are data obtained from ITLC analysis. Rf = 0.7, denoted as yellow on
the graph, corresponds to pertechnetate that remains in the supernatant. Rf = 0.9, denoted as red
on the graph, corresponds to a reduced species of

99

Tc. An ITLC graph is shown in Figure 5.8

demonstrating the differences in retention factors for these two species of
speciation’s of

99

Tc make up the total amount of

99

99

Tc. These three

Tc in the reaction solutions. Ideally, their

summations would be 100%, but in some cases 99Tc can adsorb to the stationary phase in the ITC
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analysis

and

some

activity

is

lost,

in

addition

to

normal

sources

of

error.

Figure 5.8 ITLC analysis showing the difference in retention factors for pertechnetate (left, Rf=0.7),
a mixture of pertechnetate and reduced species (middle), and reduced species of Tc (right, Rf=0.9).

5.2.2.4 Results of Irradiations using UV light
Figure 5.9 shows that the TiO2, both synthetic and commercial, are quite effective at
reducing pertechnetate in solution to the reduced Tc(IV) species when subjected to UV light at pH
0.8. It is not unexpected that the dark samples showed no

99

Tc conversion. Without photons to

catalyze the reaction, no change in the pertechnetate should be observed. The UV irradiated
samples had higher than 80% conversion of the pertechnetate in solution for both the TiO2
materials. This high performance was not wholly unexpected as TiO2 has its energy adsorption
window in the UV region.
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Figure 5.9 Titanium dioxide samples after 24 hours of UV irradiation and 24 hours of darkness. C
designates C-TiO2 samples and S designates S-TiO2 samples. The control is the reaction solution
minus the addition of substrate. The pH of the mixture is 0.8. Chart is constructed from ITLC and
LSC data as described in the text. In this and all bar graphs in this section: black represents Tc
adsorbed to TiO2; red represents Tc(IV) in the supernatant; yellow represents pertechnetate in the
supernatant.

5.2.2.5 XANES and EXAFS Analysis of UV Irradiated Samples of TiO23
XANES analysis was conducted on UV irradiated samples of TiO2. The sample preparation
was outlined in the previous section. After irradiation with UV light, both the supernatant and TiO2
nanoparticles were sent to LBNL and analyzed by XANES and EXAFS along with aqueous
pertechnetate as the control. The results shown in Table 5.3 are general for TcO4- samples mixed

These data were collected by Ivana Radivojevic Jovanovic. They are included with her permission.
Discussion contributions are attributed to Prof. Javanovic and Dr. Wayne Lukens who collected the XAS data.
3
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with the reduction solutions described above and irradiated with UV light. The results in Table 5.3
are shown for 10 mM TcO4- samples to increase the amount of Tc to facilitate the analysis but we
observed the same results with 5 mM samples in separate experiments (not shown). From the
results found in Table 5.3, both the supernatant and the TiO2 nanoparticles after UV irradiation
had minimal amounts of TcO4- remaining after irradiation with UV lamp. Specifically, the
supernatant had 89% of the 99Tc in solution as Tc (IV) according to XANES and the TiO2 particles
had 88% as Tc(IV) according to XANES. These results not only support the previous findings of
pertechnetate conversion, but also give oxidation state information about the reduced species. Note
that the TcO4- control without TiO2 shows 24% reduction to Tc(IV). This may be due to UV
irradiation induced reduction or to some reduction that may be occurring in the synchrotron beam.
However, it is clear that TiO2 is required for increased photoreduction of pertechnetate.
Description

State

[Tc]

Tc (mg)

TcO4-

p

Tc(IV)

p

TcO4- control

Solution

10 mM

1.98

0.76(1)

<0.001

0.24(1)

<0.001

TiO2
Supernatant

Solution

10 mM

1.98

0.11(2)

<0.001

0.89(1)

<0.001

TiO2
Nanoparticles

Solid

-

-

0.12(2)

<0.001

0.88(1)

<0.001

Table 5.3 Tc K-edge XANES results for UV irradiated samples of TiO2.a

a. Standard deviation of the fit is given in parentheses. The value of p is the probability that the
improvement to the fit from including this spectrum is due to noise. Components with p<0.05
are significant at the two-sigma level and those with p<0.01 are significant to the 3 sigma level.
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Figure 5.10 Tc K-edge XANES spectra of the reference compounds used for XANES fitting. These
are the Tc K-edge spectra of (a) Tc2S7, (b) Tc(IV) EDTA, (c) TcO22H2O, (d) Tc(IV) gluconate, (e)
PW11Tc=O, and (f) TcO4-.
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Figure 5.11 Tc K-edge XANES spectrum and fit for (top) 35-IR TcO4- control, (middle) 33-IR TiO2
supernatant, and (bottom) 41-IR TiO2 nanoparticles. The black line corresponds to the total fit, the
blue and red lines correspond to the TcO4- and Tc(IV) fits, respectively.
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EXAFS analysis was also conducted on the TiO2 nanoparticles and those results can be seen
in Table 5.4. The second shell of 5 oxygen atom fits equally well with 4 oxygen atoms. All atoms
contribute significantly to the spectrum as shown by the very low values of p(F).
The local structure of Tc is a cross between the structure of TcO2•2H2O and that of rutile. The
first three shells are very similar to TcO2•2H2O with the exception that there is only one Tc
neighbor. The last two shells are very similar to the distances found in rutile. It should be noted
that this is clearly a surface complex, not Tc(IV) replacing Ti in the interior of a TiO2 particle. The
scattering from the last two shells is too weak for the Tc to be incorporated into the lattice. Even
though Tc and Ti have similar ionic radii, these results support the theory that the Tc is not
incorporating into the lattice of the TiO2.
There are at least two possible explanations for the EXAFS results. The simplest explanation
is that Tc consists of Tc2(µ-O)2 dimers sitting on the surface of TiO2. Given the ubiquity of the
Tc2(µ-O)2 moiety in Tc(IV) chemistry, this is very likely. The other possibility is a mixture of
isolated Tc(IV) octahedra and TcO2•2H2O surface precipitate. Although this is consistent with the
data, this option is unlikely. One reason is that Tc2(µ-O)2 core is so widespread. The XANES
spectrum of the sample does not look like a mixture of TcO2•2H2O and Tc(IV) octahedra, which
would have a “double bump” at the edge with the second peak higher than the first. Instead, the
XANES spectrum of this sample consists of a single, broad peak, which is the same width as the
double bump in the TcO2•2H2O. The final reason is that much stronger Tc-Tc scattering for a
TcO2•2H2O surface precipitate would be expected.
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Neighbor

# of neighbors

Distance (Å)

𝛔2(Å2)

p(F)

Structure of
rutile

Ob

4.5(2)

2.039(1)

0.0090(7)

<0.001

4 O at 1.95 Å

O

1.5(2)c

2.44(3)

0.009(7)d

0.006

2 O at 1.98 Å

Tc

1

2.549(8)

0.0078(9)

<0.001

2 Ti at 2.96 Å

O

4

3.55(1)

0.0006(8)

0.001

8 O at 3.5 Å

Ti

2

3.45(2)

0.008(2)

0.001

8 Ti at 3.6 Å

a.
b.
c.
d.

So2=1.0 (fixed), ΔE=11(2)eV
Includes a multiple scattering path through Tc
Sum of the Tc neighbors is constrained to equal 6
Parameter set equal to parameter of previous shell

Table 5.4 EXAFS fitting parameters for TiO2 nanoparticles after UV irradiation.

Figure 5.12 EXAFS spectrum (red) and fit (black) for TiO2 nanoparticles after UV irradiation.
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5.2.2.6 Kinetic Analysis of TcO4- by photocatalysis using TiO2
The previous experiments on photocatalytic reduction of TcO4- using TiO2 were carried
out with 24-hour irradiation times. It was speculated that less irradiation time could achieve the
same results, so a ladder of exposure times was performed. Reaction conditions were identical to
those described in Section 5.2.1 with the exception of irradiation time. That is, 10 mg of C-TiO2
and 0.5 mL of 5 mM NH4TcO4 were added to a reduction solution of 0.5 M sulfuric acid and
isopropyl alcohol (IPA) (2:1 by volume) in a 3 mL cuvette. The suspensions were degassed with
N2 for 15 minutes. C-TiO2 samples were irradiated with UV light for 15 minutes, 1 hour, 2 hours,
and 4 hours as denoted in Figure 5.13. After irradiation, the samples were centrifuged to separate
the solid TiO2 particles from the brown-red supernatant. ITLC analysis was utilized to monitor
percentage of pertechnetate and reduced Tc. Figure 5.13 shows the progression of pertechnetate
conversion to reduced Tc over time. Specifically, within time, we observed a decline in the amount
of pertechnetate in solution with a Rf= 0.7 (gold) accompanied by an increasing amount of reduced
technetium, represented by activity at Rf = 0.9 (red).

Percent of Total

100
80
60

Rf = 0.7

40

Rf = 0.9

20
0
0

50

100
150
Time (minutes)

200

Figure 5.13 Kinetic analysis using ITLC of UV irradiated samples of C-TiO2.

94

Time (minutes) Percent of Tc with Rf=0.7 Percent of Tc with Rf=0.9
0

100

0

15

93

3

60

44

53

120

13

81

240

0
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Table 5.5 Corresponding data for Figure 5.13 ITLC kinetic analysis of UV irradiated samples of CTiO2.

The corresponding ITLC data for this study can be seen in Table 5.5 and Figure 5.14. The
data shows pertechnetate in the left spectra (time 0), the emergence of the reduced species after 15
minutes of irradiation in the middle spectra (percent reduced Tc), through to the almost complete
conversion of the pertechnetate after four hours in the right spectra (percent reduced Tc). This
kinetic analysis of the reaction as showcased in both Figure 5.13 and Figure 5.14 showed that after
four hours (240 minutes) of irradiation time, 86% of the pertechnetate had been converted to a
reduced species of

99

Tc, most likely TcO2 or Tc(IV) (µ-O)2 Tc(IV) according to the XANES

analysis described previously. This supports the hypothesis that 24 hours of irradiation time is not
needed. The conversion was greater than 80% after only two hours and reached maximum
performance under these conditions with 86% conversion after four hours. These samples do not
yield 100% activity results as some activity is lost during the migration of the Tc up the cellulose
paper during the development stage of this chromatographic technique.
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Figure 5.14 ITLC spectra for the samples from the kinetic study. (Left) Pertechnetate and samples after
various intervals of irradiation: (middle) 15 minutes, and (right) 4 hours. Rf=0.7 corresponds to
pertechnetate and Rf=0.9 corresponds to reduced species of 99Tc.

5.2.3

Effects of the Reaction Conditions on the Extent of Reducing Power of the TiO2

5.2.3.1 Reaction Dependence on Isopropyl Alcohol
The reaction solution consists of four components: 5 mM NH4TcO4, 0.5 M H2SO4, TiO2,
and isopropyl alcohol (IPA). The NH4TcO4 is the oxidized 99Tc(VII) source, the H2SO4 is the pH
determining solution, the TiO2 acts as the platform for reduction of the pertechnetate, and the IPA
is the sacrificial electron donor. In order for the reaction to proceed, additional electrons are needed
to facilitate the reduction of pertechnetate. It was unclear how much excess IPA was needed for
the reaction and thus an analysis of the reactions dependence on IPA was conducted. Reaction
conditions were kept identical to those used previously, with the exception of the amount of IPA.
Samples varied from 0 μL to 500 μL; with 500 μL as the typical amount used in the reactions. To
keep the reaction volumes consistent, additional water was added to obtain 2 total milliliters per
sample. Samples were irradiated with UV light (254 nm) for three hours and C-TiO2 was used as
the substrate. ITLC analysis was utilized in the post-irradiated and centrifuged samples to monitor
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the progression of pertechnetate conversion. The samples were centrifuged to separate the TiO2
solid from the supernatant, and the supernatant was analyzed by ITLC to determine the percentage
of TcO4- (Rf = 0.7) and reduced Tc (Rf = 0.9).
100

Rf = 0.7
Rf = 0.9

Percent of Total

80
60
40
20
0
0

0.1
0.2
0.3
0.4
Amount of Isopropyl Alcohol (mL)

0.5

Figure 5.15 ITLC results showing reaction dependence on IPA.

IPA (mL) Percent of Tc with Rf=0.7 Percent of Tc with Rf=0.9
0

94

0

0.1

41

57

0.3

32

64

0.5

19

69

Table 5.6 Corresponding data for Figure 5.15 ITLC results showing reaction dependence on IPA.
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Figure 5.15 and Table 5.6 illustrate that without IPA in the reaction solution, no conversion
of pertechnetate takes place with irradiation. The photoreduction requires additional electrons in
order to proceed, and the IPA is the sacrificial electron donor. The amount of pertechnetate in
solution for this study, denoted by the yellow band in the figure, decreases from its initial point at
94% to 19% with 0.5 mL IPA. With this decrease in pertechnetate, the emergence of the reduced
species, denoted by the red band, can be seen. The reduced species is not present in the solution
without IPA but increases to 69% of the total Tc in solution with 0.5 mL of IPA. This study
confirms the need for IPA in the reaction solution and supports that the reaction solutions contain
enough IPA to facilitate high amounts of pertechnetate conversion.
5.2.3.2 Dependence on Glass versus Quartz Cuvettes for Photocatalytic Reduction of TcO4using C-TiO2
Determination on the extent the quartz cuvette, versus a glass cuvette, has on the reaction
was examined. All reactions have been carried out in quartz cuvettes up to this point. Glass has
less transparency in the UV region and absorbs the light. This significantly reduces the number of
photons reaching the reaction solution and thus inhibiting pertechnetate conversion in the
supernatant.
Reaction conditions were kept identical to those used previously, with the exception of the
material of the cuvettes used for irradiation. Samples of C-TiO2 were irradiated with UV light for
two hours. ITLC analysis was utilized in the post-irradiated and centrifuged samples to monitor
the extent of pertechnetate conversion.
Figure 5.16 illustrates that with a glass cuvette, the amount of pertechnetate in the reaction
solution had almost no change versus the quartz cuvette sample that shows the percent of
pertechnetate in solution exhibiting a drastic decline to less than 20% in two hours. The control
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for this study utilized the reaction solution without any UV light irradiation. This study confirms

Percent Pertechnetate

the need for quartz cuvettes as the reaction vessel for UV irradiations.

100
80
60

Control

40

Glass

20

Quartz

0
0

1
Time (hours)

2

Figure 5.16 ITLC results showing reaction dependence cuvette material.

5.2.4

pH Effect on Pertechnetate Reduction for TiO2 by UV Light
All previous experiments have been conducted at pH ~ 0.8. The extent the pH has on the

reaction was analyzed over a range of pH’s. The pH of the solutions was adjusted by varying the
1 mL of 0.5 M H2SO4 with various concentrations of either H2SO4 or KOH. The pH’s were
measured with a Fisher Scientific Accumet AE 150 pH Benchtop Meter. The C-TiO2 and
pertechnetate were added after measuring the pH and were not rechecked after the addition.
Irradiations were conducted with C-TiO2 and irradiated with UV light for 24 hours. ITLC and LSC
were both utilized to examine the effect pH has on the conversion of pertechnetate in the reaction
solutions and the resulting data can be found in Figure 5.17. The LSC data allowed determination
of the percent Tc adsorbed to the TiO2 while the ITLC data measured the percent pertechnetate
and the percent reduced Tc in the supernatant.
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Figure 5.17 pH effect on the reduction of pertechnetate by TiO2 in UV light. Chart is constructed
from ITLC and LSC data (Table 5.7). Black represents Tc adsorbed to TiO2; red represents reduced
Tc in the supernatant and yellow represents pertechnetate.
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Rf=0.9
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100

0

0

0.8

14
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7

3
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0
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7

70

0

30

11

68

0

32

13

0

0
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Table 5.7 Tabulated LSC and ITLC data for the pH effect on the reduction of pertechnetate by TiO2
in UV light.

Figure 5.17 reiterates that at pH 0.8, which is the pH at which the photocatalytic reduction
reactions have been carried out up to this point (including the control for this study), a significant
portion of the pertechnetate is converted in solution and very little is adsorbed to the TiO2. Previous
studies on this system discussed in Section 5.2.4 demonstrated the same results: less than 10% Tc
was adsorbed to the TiO2 particles. EXAFS and XANES studies demonstrated that the Tc adsorbed
to the TiO2 was in the form of Tc(IV) µ-oxo dimers with a rutile structure sitting on the surface of
TiO2. The supernatant did indeed show about 90% Tc(IV) as well.
Interestingly, pH’s 3-11 all performed similarly, having removed somewhere between 2332% of the pertechnetate from the supernatant. What is most striking is that 99% of the Tc is
adsorbed to TiO2 at pH 13. Figure 5.17 illustrates the results from the first two attempts of this
experiment. In the first two trials, 99% of the pertechnetate was removed from the supernatant at
the high pH. Upon three additional trials, no more than 70% was removed at high pH, see Table
5.8. The pH recorded is the initial pH; it is likely that this variation could be due to the varied
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speciation of TiO2 in the reaction solution. This variation could be due to error or most likely from
slight pH variation.
Trial

pH

Percent Adsorption

1

13

99

2

13

99

3

13

65

4

13

68

5

13

66

Table 5.8 Percent adsorption data collected via LSC for pertechnetate by TiO2 in UV light.

The speciation of TiO2 is highly pH dependent, as can be seen from Figure 5.18.131 Varying
the pH of the reaction solution changes the surface speciation of the solid TiO2 and thus changes
the interaction between the TiO2 and the TcO4-. At pH <2, the primary species of TiO2 is Ti(OH)22+.
The anionic pertechnetate in solution could electrostatically interact with the cationic TiO2 and
facilitate the reduction to Tc(IV). It has been postulated by Vichot that on reduction under low pH
in sulfuric acid Tc(IV) polymeric cationic species form that would not be adsorbed to the cationic
TiO2 surface. This can be seen in Figure 5.17 by the successful conversion of pertechnetate to
Tc(IV) at pH ~ 0.8. At high pH, however, Tc is adsorbed to the TiO2. At this time, we are not sure
of the speciation. However, experiments performed previously in our lab under Xenon irradiation
(described below) may shed some light on this. It is likely that pertechnetate is reduced to Tc(IV)
possibly as a cationic species and adsorbed to the TiO2.70-72 At pH 3, 7, 11, the predominant species
is a neutral Ti(OH)4 that could incorporate a cationic Tc(IV) species. Due to their similar ionic
radii, it is speculated that some of the Tc could be getting incorporated into the lattice of the TiO2
structure. The ionic radius for Ti(IV) is 0.064 nm from the literature132 and 0.0645 nm is the ionic
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radius for Tc(IV) found in the literature.133 With these almost identical ionic radii it is very likely
that the Tc could be getting incorporated into the structure. It is unclear what is occurring at pH
13. Since there is variability in the % adsorbed at this high pH, these experiments need to be
repeated.

Figure 5.18 Speciation of Ti(IV) in solutions in contact with solid titania (assuming mononuclear
hydroxo complexes of titanium are the only species present) and its dependence on pH (25oC, I=0).131

However, we noticed on 5 trials that there was high adsorption of Tc (>70%) at pH 13, and
therefore, thought we would study the desorption of the 99Tc from the material. It was found that
after roughly 250 hours (~10 days), almost all of the adsorbed 99Tc had leached from the TiO2 and
was back in the reaction solution. Figure 5.19 and Table 5.9 illustrate the desorption timeline. This
was found by analyzing the pH 13 reaction supernatant over a period of 10 days with LSC.
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Figure 5.19 Desorption of Tc from TiO2 measured by LSC at pH 13 after UV irradiation.

Time (hours)

Percent Tc Adsorbed to TiO2

1

60.9

2

58.6

3

58.8

4

58.5

5

58.0

48

41.4

144

27.0

265

2.0

Table 5.9 Desorption of Tc from TiO2 measured by LSC at pH 13 after UV irradiation.
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5.2.5

pH Effect on Pertechnetate Reduction for TiO2 by Broad Spectrum Light
Irradiation4
This study examines the pH effect on reduction of TcO4- using TiO2 and a broad-spectrum

light source (Xenon lamp). The reaction conditions were the same as those used previously, except
for two differences: each sample contained 100 mg of TiO2 containing 100 µmol NH4TcO4 (5 mM
solution). The samples were irradiated with a Xe broad spectrum light for 6 hours (Hanovia Xe
lamp; 140 Watts, 115 volts, 50 Hz, 3.9 amps) at 5 cm from the lamp with stirring. The difference
between the samples is the initial pH that varies only with the amount of H2SO4 present. The
percent adsorptions were calculated from LSC measurements and results can be seen in Table 5.10.
The pH of the solutions was adjusted by varying the amount of H2SO4 present and was checked
both before and after irradiation. Note for initial pH> 1.0, the pH after the reaction changed
significantly: at initial pH around 2, the final pH was one pH unit higher, for initial pH above 2.5,
the final pH was in the 7-9 range (neutral to basic).
Sample

Initial pH

pH after irradiation

Percent Tc adsorbed to TiO2

1

0.67

0.76

0

2

1.00

1.13

6

3

2.24

3.10

49

4

2.62

7.20

57

5

3.37

8.60

61

6

4.09

8.66

52

Table 5.10 Percent adsorption data for broad spectrum irradiated samples of TiO2 at varying pH.

4

These data were collected by Benjamin Burton-Pye. They are included with his permission.
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From initial pH 2 - 4, the Tc adsorption after irradiation with the xenon lamp is about 5060%. This is more or less consistent with the previous study using UV irradiation (Section 5.2.4)
where the adsorption remains roughly constant from pH 3 to pH 11. The solid TiO2 samples shown
in Table 5.10 were sent for XANES analysis and those results can be seen in Table 5.11. The
XANES data were modeled using standards for TcO4-, TcO2•2H2O, and Tc(IV)EDTA, that is
representative of the Tc(IV) (µ-O)2 Tc(IV) species. For all samples, the dominant species were
represented by Tc(IV). TcO4- was not the dominant species present especially at low pH where the
percentages of TcO4- were lower than 10%. The amount of TcO4- increases with increasing pH.
Interestingly, the amount of Tc with a coordination environment similar to TcO2•2H2O
does not change with any significance throughout the series. The other Tc(IV) species, Tc(IV) (µO)2 Tc(IV) (represented by Tc(IV)EDTA) and the dominant species for all samples, decreases with
increasing pH and the amount of TcO4- increases at increasing pH.
Sample

pHinitial

TcO4-

p

TcO2-2H2O

p

Tc(IV)EDTA

p

1

0.67

0.061(1)

0.001

0.32(9)

0.003

0.63(9)

<0.001

2

1.00

0.07(10

<0.001

0.32(9)

0.002

0.61(9)

<0.001

3

2.24

0.142(2)

<0.001

0.2(1)

0.012

0.6(1)

<0.001

4

2.62

0.07(2)

<0.001

0.3(1)

0.007

0.66(9)

<0.001

5

3.37

0.25(1)

<0.001

0.26(8)

0.004

0.49(8)

<0.001

6

4.09

0.30(1)

<0.001

0.25(7)

0.001

0.44(7)

<0.001

a. Standard deviation of the fit is given in parentheses. The value of p is the probability that the
improvement to the fit from including this spectrum is due to noise. Components with p<0.05
are significant at the two-sigma level and those with p<0.01 are significant to the 3 sigma level.

Table 5.11 Tc K-edge XANES results for broad-spectrum irradiated samples of TiO2.a
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5.2.6

UV-Vis Analysis of the Post-Irradiated Reaction Solutions
Solutions of pertechnetate, TiO2, and reaction solutions before irradiation are clear and

colorless. After irradiation with the right conditions, the color turns a transparent amber color. All
samples that exhibit a color change also contain appreciable amounts of activity with a Rf = 0.9 on
the ITLC. UV-Vis of the amber solutions were taken for further analysis. Measurements were
taken on an Evolution 220 UV-Vis Spectrometer by Thermo Scientific.
Pertechnetate has a very well-known spectrum that has two major peaks at 244 nm (e =
6220 M-1cm-1) and 290 nm (e = 2360 M-1cm-1) and can be seen in Figure 5.20 as the red spectrum.
All of the irradiated solutions that had appreciable amounts of activity with a Rf = 0.9 on the ITLC,
as well as having the amber color, show an emergence of a peak at 320 nm and a weak peak around
500 nm. These peaks could potentially be attributed to a Tc(IV) species. This hypothesis is
supported by the work of Sekine and Vichot.70-72 In their work, a strong peak at 320 nm and a very
weak peak at 500 nm are observed that they attributed to a Tc(IV) species after XANES analyses.
Additionally, through ITLC analysis, they also saw this compound moving to the same extent as
the solvent front. This matches the ITLC from our work wherein the reduced species exhibits a
peak with Rf=0.9. We also observed this UV-Visible signature and ITLC pattern for Tc(IV)
produced by photocatalytic reductions of pertechnetate by Keggin Polyoxometalates in solution
and analyzed by XANES.129
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Figure 5.20 UV-Vis analysis of (gold) pertechnetate and (red) C-TiO2 supernatant after UV
irradiation.

5.2.7

Photoreduction Capability Determination of TiO2 with Various Light Sources
Due to the TiO2 adsorption window being in the UV region, it was hypothesized that UV

irradiation would reduce TcO4- to a greater extent compared to other light sources. To test this
hypothesis, we conducted irradiation experiments with sunlight and a broad-spectrum sunlight
simulator. Samples for these trials were prepared and analyzed as described previously (Section
5.2.1) and were carried out at pH ~0.8. The data is shown in Figure 5.21 and Table 5.12 show the
ITLC and LSC compiled data from these experiments. For all photon producing light sources,
greater than 80% of the total 99Tc was either adsorbed to the TiO2 or reduced in the supernatant,
according to the ITLC (Rf: 0.9). Based on XANES and EXAFS data described for samples
prepared in an identical fashion as samples in Figure 5.21 (see Figure 5.11 and Table 5.3), we
strongly hypothesize that reduced Tc (Tc(IV)) is adsorbed to the TiO2 surface. Both broadspectrum sources, sunlight and the Xe lamp, produced ~80% conversion of the pertechnetate to
reduced Tc, Rf: 0.9, but had considerably more adsorption to the substrate than the UV samples.
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This finding is quite surprising; with the S-TiO2 sample adsorbing 46% of the total 99Tc in sunlight.
The synthetic TiO2 may be compositionally different from the commercial C-TiO2 and that may
impact the adsorption with sunlight. Also, sunlight is not a very controlled light source.
Specifically, by allowing the samples to sit for three weeks, perhaps the exposure to sunlight
promoted more reduction than the minimal amounts of exposure to other light sources, which could
significantly impact the speciation resulting in reduced species adsorbed to the TiO2 and in
solution. The Xenon lamp fairly accurately mimicked the sunlight experiments.
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Figure 5.21 Titanium dioxide samples under all light conditions at pH ~0.8. Pertechnetate was run as
the control and all samples designated with C correspond to C-TiO2 and all samples designated with
an S refer to S-TiO2. This figure is constructed from ITLC and LSC data.
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Sample

Light Condition

Percent Adsorbeda

Rf=0.9b

Rf=0.7c

Control

-

0

0

100

C-TiO2

Dark

0

0

95

S-TiO2

Dark

0

0

95

C-TiO2

UV

0

84

9

S-TiO2

UV

3

80

3

C-TiO2

Sun

28

55

17

S-TiO2

Sun

46

33

21

TiO2

Xe

14

53

12

Table 5.12 Titanium dioxide samples under all light conditions. Pertechnetate was run as the control.
Table is constructed from ITLC and LSC data. (a) Percent adsorbed is determined by LSC of the
supernatant. (b) The reduced Tc with Rf = 0.9. (c) TcO4- with Rf = 0.7 can be determined.

5.2.8

Desorption of 99Tc from TiO2 after Xe Irradiation
Desorption kinetics for the Xe lamp irradiated C-TiO2 sample was analyzed and the results

can be found in Figure 5.22 and Table 5.13. Aliquots of the supernatant were taken at various
intervals and analyzed with LSC. Percent adsorption was calculated as outlined previously
(Section 5.2.2.1), and it was found that after 7 days, complete desorption was reached.
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Figure 5.22 Desorption of 99Tc from C-TiO2 after Xe irradiation measured with LSC.

Time (days)

Percent Adsorbed to TiO2

0

14

1

5

4

6

7

0

Control

0

Table 5.13 Raw data for LSC analysis of desorption of 99Tc from C-TiO2 after Xe irradiation.

5.3

Part 3. Determining the photoreduction capability of TGO nanocomposites
One of the aims of this project was to determine if the absorption window of TiO2 could be

modified from the UV region into the visible region by adhering TiO2 to the surface of Graphene
Oxide (GO), thus forming titanium dioxide graphene oxide composites designated as TGO. It was
determined by UV-Vis spectra that the absorbance of TGO was moved into the visible region
compared to TiO2 (see Section 5.1 for details). Upon this successful modification of the TGO, we
tested the capability of TGO for photocatalytic reduction of pertechnetate under different light
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conditions. . The Xe lamp represents broad spectrum light so that we can test if the TGO will shift
the wavelength of absorption into the visible region compared to the UV absorption of pure TiO2.
5.3.1

TGO Irradiation with UV light and Xe lamp
10 mg of TGO and 0.5 mL of 5 mM NH4TcO4 were added to a solution of 0.5 M sulfuric

acid and isopropyl alcohol (IPA) (2:1 by volume) in a 3 mL cuvette. The suspensions were
degassed with N2 for 15 minutes. Two different light conditions were analyzed: UV light at 254
nm (UV lamp) and a broad-spectrum sunlight simulator Xe lamp. UV samples were irradiated in
a quartz cuvette with a Spectroline Shortwave UV lamp (6 Watts, 115 volts, 60 Hz, 0.20 amps) at
5 cm from the lamp with stirring. Broad-spectrum sunlight simulation samples were irradiated in
glass vials with a Hanovia Xe lamp (140 Watts, 115 volts, 50 Hz, 3.9 amps) at 5 cm from the lamp
with stirring. After the irradiation periods, the supernatants were separated from the nanoparticles
via centrifugation (20 minutes, 3,400 rpm) on a Hamilton Bell Benchtop VanGuard 6500
Centrifuge. Additionally, controls were prepared, which were identical to the samples except for
the absence of a substrate (TiO2 or TGO) but run under the same conditions.
Figure 5.23 and Table 5.14 show the distribution of 99Tc in the reaction based on irradiation
time; UV irradiation is on the left and Xe irradiation is on the right. The percent adsorbed (black)
refers to the amount of TcO4- that adhered to the substrate as determined from LSC of the
supernatant. The adsorption of 99Tc with UV irradiation does not exceed 14% after 48 hours. The
red and gold lines refer to the 99Tc species retention factors as determined by ITLC. The Rf = 0.7
(gold) is pertechnetate and Rf = 0.9 (red) refers to a reduced species of 99Tc.
With both light sources, the conversion of pertechnetate to a reduced species occurs.
However, there are significant differences in the adsorption of Tc to the TGO surface and slight
differences in reduction to Tc(IV) in the supernatant. For the UV light source, less than 10% of
the Tc is adsorbed to the TGO, consistent with results from the TiO2 studies at this pH (pH~0.8)
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(Section 5.2). For the UV light source, it is clear that the reduced Tc species in the supernatant (Rf
= 0.9) develops over the duration of time and reaches 66% after 48 hours. This is a slightly lower
percent than the reduction to Tc(IV) observed with TiO2 and may be attributed to the TGO
absorption window that is positioned mostly in the visible region but with some overlap in the UV
region.
With the xenon, broad-spectrum light source, we also see a decrease in the TcO4- over time
of irradiation. We observe a significant increase in the amount of Tc adsorbed to the surface of
TGO (50% at 48 h) compared to the amount of Tc adsorbed to TiO2 at pH~0.8 using the xenon
lamp (<14%, Table 5.12). We postulate based on XANES and EXAFS data on TiO2 particles that
the adsorbed Tc is primarily reduced Tc(IV). (Section 5.2.2.5 displays some of the data collected
by Professor Radivojevic on Tc adsorbed to TiO2 under these identical conditions.) This increase
in adsorbed Tc may be due to the decreased particle sizes of the TGO (larger surface area)
compared to TiO2 that we observed in the TEM data (Figure 5.5) where we observe that GO is
coated with S-TiO2 (7 nm) compared to the 14-40 nm for C-TiO2. Also observed is an increase to
35% of reduced Tc (Rf = 0.9) in the supernatant. Based on our data on TiO2 reduction of TcO4where >80% Tc adsorbed to TiO2 and >80% Tc in the supernatant is Tc(IV), we postulate that the
Tc adsorbed to the TGO in this experiment is primarily reduced Tc(IV). From the ITLC data, the
Tc in the supernatant from the TGO reductions is primarily reduced Tc(IV). Taken together it
appears that the Xe light source paired with TGO is efficient in reducing the TcO4- and facilitating
adsorption of Tc onto the TGO. The adsorption can also be facilitated by the particle size of the
TGO.
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UV Light

Xe Light

Figure 5.23 Kinetics of TGO photoreductions by UV light (left) and Xe lamp (right) irradiations with
ITLC and LSC analysis. Rf=0.7 (gold) corresponds to pertechnetate, Rf=0.9 (red) refers to reduced
species of 99Tc, and the black corresponds to adsorbed 99Tc to the surface.

Light
Time
Percent Rf=0.9 Rf=0.7 Light
Time
Percent Rf=0.9 Rf=0.7
Source (hours) Adsorbed
Source (hours) Adsorbed
0
0
0
87
0
0
0
100
UV

4

14

40

35

4

27

22

47

18

9

56

17

14

37

28

25

24

10

61

29

24

43

31

15

48

7

66

9

48

50

35

0

Xe

Table 5.14 Raw data for the kinetics of TGO photoreductions by UV light and Xe lamp irradiations.
Percent adsorbed was obtained from LSC analysis, Rf=0.7 corresponds to pertechnetate from ITLC
analysis, and Rf=0.9 corresponds to reduced species of 99Tc from ITLC analysis.

5.3.2

Desorption Kinetics for Various Substrates after Xe Lamp Irradiation
Desorption of Tc from TGO in comparison to TiO2 and a physical mixture of TiO2/GO

was conducted. Determination of whether the adsorption of Tc to the materials is due to the
electrostatic attraction between the GO and TiO2 together was analyzed. A sample containing
75/25, TiO2/GO by mass was utilized to test if a mere physical mixture of the two materials would
yield the same adsorption of reduced 99Tc as found in the TGO material.
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Figure 5.24 Xe Desorption Kinetics for TiO2, TGO, and 75/25:TiO2/GO physical mixture by LSC.

Desorption kinetics for Xe lamp irradiated samples was analyzed and the results can be
found in Figure 5.24. The analyzed substrates included C-TiO2 (TiO2), TGO, and a 75/25 mixture
by mass of TiO2/GO (75/25). Aliquots of the supernatants were taken at various intervals and
analyzed by LSC. Percent adsorption was calculated as outlined previously, and it was found that
after 7 days, complete desorption for all substrates was reached.
5.3.3

Degasification Effect on the Reduction Capabilities with Xe Lamp Irradiation
The reaction solution consists of four components: 5 mM NH4TcO4, 0.5 M H2SO4,

substrate, and isopropyl alcohol (IPA). The NH4TcO4 is the 99Tc(VII) source, the H2SO4 is the pH
determining solution, the substrate (TiO2, TGO, TiO2/GO physical mixture) acts as the platform
for reduction of the pertechnetate, and the IPA is the sacrificial electron donor. Additionally, the
reaction solutions are degassed with N2 for fifteen minutes prior to irradiation. This is to rid the
reaction solution of excess oxygen that could interfere with the reaction. The extent of interference
was unknown and so experiments were conducted to elucidate the existence and degree of
interference. Reaction conditions were kept identical to those used previously, with the exception
of degassing before irradiation. Results can be seen in Figure 5.25. The control was the reaction
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solution without any substrate and 50/50 refers to a 50/50 by mass mixture of TiO2/GO. Samples
were irradiated with a Xe lamp for 24 hours. ITLC and LSC analysis was utilized in the postirradiated and centrifuged samples to monitor the percent adsorption and progression of
pertechnetate conversion left in the supernatant. Samples without parenthesis refer to the standard
procedure of degassing before irradiation, and samples in parenthesis refer to the parameter under
investigation; the absence of degassing.

Figure 5.25 Effect of degasification on the reaction solution after Xe lamp irradiation. Parenthesis
designate samples that were not degassed prior to irradiation. Chart is constructed from ITLC and
LSC data (see Table 5.15).
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Substrate

Degassed

Rf=0.7

Rf=0.9

Adsorbed

Control

Yes

95

0

0

Control

No

97

0

0

C-TiO2

Yes

12

53

14

C-TiO2

No

0

60

25

50/50

Yes

12

42

38

50/50

No

37

19

37

TGO

Yes

9

57

27

TGO

No

0

46

39

Table 5.15 ITLC and LSC data for the effect of degasification on the reaction solution after Xe lamp
irradiation.

Looking at the results in Figure 5.25, upon exposure to atmosphere, the adsorption of Tc
to the substrate goes up for both the TiO2 and TGO by more than 10%. There are many reactions
that can occur on the surface of the titanium dioxide and TGO materials upon irradiation in
oxygenated solutions. The phenomenon wherein adsorption increases under oxygenated
conditions should be investigated further. However, the percent of reduced Tc (Rf: 0.9) roughly
remains the same for degasses and non–degassed. This experiment suggests that degassing does
not have much effect on the TiO2 or TGO which may bode well for eliminating the degassing step
in TcO4- remediation. The 50/50 composite results in significant amount of unreduced and not
adsorbed TcO4- for the non-degassed samples.
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5.3.4

Photoreduction Capability of All Substrates Under Various Light Conditions
This section discusses the photocatalytic reduction of TcO4- using TiO2, TGO, GO, and a

50/50 by mass mixture of TiO2/GO as the solid phases. 10 mg of substrate and 0.5 mL of 5 mM
NH4TcO4 were added to a reduction solution of 0.5 M sulfuric acid and isopropyl alcohol (IPA)
(2:1 by volume) in a 3 mL cuvette. The suspensions (pH~0.8) were degassed with N2 for 15
minutes. Four different light conditions were analyzed: UV light at 254 nm (UV lamp), sunlight,
broad-spectrum sunlight simulator Xe lamp, and darkness. UV samples were irradiated in a quartz
cuvette with a Spectroline Shortwave UV lamp (6 Watts, 115 volts, 60 Hz, 0.20 amps) for 20 hours
(unless otherwise noted) at 5 cm from the lamp with stirring. Sunlight samples were left on a
windowsill for 3 weeks in glass vials during summer without stirring. Broad-spectrum sunlight
simulation samples were irradiated in glass vials with a Hanovia Xe lamp (140 Watts, 115 volts,
50 Hz, 3.9 amps) at 5 cm from the lamp with stirring. Dark samples were covered in aluminum
foil and stirred for 20 hours. After the irradiation periods, the supernatants were separated from
the nanoparticles via centrifugation (20 minutes, 3,400 rpm) on a Hamilton Bell Benchtop
VanGuard 6500 Centrifuge. Additionally, controls were prepared, which were identical to the
samples except for the absence of a substrate but run under the same conditions. The dark samples
and UV and Xe irradiated samples were irradiated for 24-hour time periods, and the sunlight
samples were left on a window sill for three weeks in summer.
Figure 5.26 and Table 5.16 shows the distribution of

99

Tc after irradiation or darkness

period, based on the substrate. The percent adsorbed (black) refers to the amount of Tc that
adsorbed to the substrate as determined from LSC of the supernatant. The gold bars represent
pertechnetate (Rf=0.7) and the red bar represents the reduced species of 99Tc (Rf=0.9) refers to a,
both determined from ITLC analysis of the supernatant.
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Figure 5.26 Photoreduction results from GO, 50/50 mixture TiO2/GO by mass, C-TiO2, and TGO
under four light conditions: darkness, UV light, Xe lamp, and sunlight irradiations. Charts are
constructed from ITLC and LSC data.
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Substrate

Light

Percent

Rf=0.9 Rf=0.7 Substrate

Source Adsorbed

GO

C-TiO2

Light

Percent

Rf=0.9 Rf=0.7

Source Adsorbed

Dark

0

0

90

Dark

1

0

90

UV

5

17

74

UV

18

66

8

Xe

5

0

92

Xe

38

42

12

Sun

0

0

100

Sun

5

3

92

Dark

0

0

95

Dark

0

0

97

UV

3

77

11

UV

17

69

8

Xe

14

53

12

Xe

27

57

9

Sun

28

55

17

Sun

55

43

2

50/50

TGO

Table 5.16 Photoreduction results from GO, 50/50 mixture TiO2/GO by mass, C-TiO2, and TGO
under four light conditions: darkness, UV light, Xe lamp, and sunlight irradiations as analyzed by
LSC and ITLC. Rf=0.9 corresponds with reduced Tc and Rf=0.7 corresponds to TcO4-.

The top left graph shows the photocatalytic reduction capabilities of GO. The reduction
and adsorption for GO using all light sources is very low. The C-TiO2 (bottom left) had greater
than 70% conversion of pertechnetate in UV, Xe, and sunlight sources, partitioned between the
solid and supernatant phases. As expected, and described in great detail previously (Section 5.2),
the reduction capability of C-TiO2 with UV light was significant. With 77% pertechnetate
reduction to Tc(IV) in the supernatant and 3% adsorption, presumably Tc(IV) vide supra, this
resulted in 80% total pertechnetate conversion to reduced Tc.
Surprisingly, for C-TiO2, the adsorption was quite high with sunlight irradiation and Xe
irradiation, producing 28% adsorption and 14% adsorption, respectively. The sunlight and Xe
irradiation also produced significant reduced Tc in the supernatant compared to TcO4-.
The 50/50 mixture (top right) had very similar adsorption and reduction compared with the
TGO substrate for all light sources except for sunlight. Since the sunlight samples were irradiated
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without stirring, the GO sat on top of the TiO2 in the sample. GO is a bit fluffier than TiO2 and
tends to stay suspended in solution longer. Without any of the TiO2 exposed to the light source, no
reduction could be facilitated and the results for the mixture are comparable to those of GO. TGO
(bottom right) had greater than 84% of pertechnetate conversion for UV, Xe, and sunlight sources.
The most significant is the 55% adsorption and 43% conversion in the supernatant, resulting in
only 2% pertechnetate left in solution of the sunlight sample. High uptake and reduction of the
TGO material was expected in sunlight but producing 98% conversion exceeded the expectations.
5.3.5

Distribution Coefficient for all Substrates and Light Sources
Adsorption has been measured utilizing LSC of the supernatants of the irradiated reaction

solutions compared to LSC of the solutions prior to irradiation. Percent adsorption has been the
primary reporting method for measuring the effectiveness of the extent of reduction. There is
another way to report this finding and that is through calculating the distribution coefficient, KD.
This coefficient allows the effectiveness of these materials to be compared to the performance of
other materials. From LSC data, the distribution coefficient was calculated using Equation (5.5):
𝐾§ =

(5.5)

Ry‘¨•©‘ª ER«w¬vª- «•v-©¨w•w¨•
Ry‘¨•©‘ª

¥∗

®
2

¥

Where KD is the distribution coefficient, acontrol is the measured activity of the starting sample,
asample supernatant is the measured activity of the post-irradiated sample supernatants, V is the volume
of the sample in mL, and m is the mass of the substrate used in grams. The KD value is a
measurement that quantifies the amount of an aqueous substance that adsorbs to a substrate. In this
case, it is the ratio of the amount of adsorbed 99Tc to the amount of Tc remaining in solution. The
sorbed concentration of

99

Tc to the substrate can be reported in mg/kg and the aqueous

99

Tc

concentration can be reported in mg/L. A high KD value corresponds to high adsorption of Tc to
the solid.
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C-TiO2

50/50
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Figure 5.27 Liquid scintillation results expressed as KD for the supernatant of irradiated reactions of
99

Tc and nanocomposites.

These results shown in Figure 5.27 show that GO adsorbs no appreciable amount of 99Tc
regardless of the light source utilized. Additionally, all dark samples showed no appreciable
amount of

99

Tc adsorbed either, which was expected as no light was present to catalyze the

reaction. The TGO and 50/50 samples had some adsorption of 99Tc under UV irradiation, but most
importantly the
TGO samples adsorbed 110 mL/g, or about 55% of

99

Tc when irradiated with sunlight.

These results give further evidence that by adhering TiO2 to the surface of GO, the band gap is
moved from the UV into the visible region, promoting photocatalysis via sunlight. Additionally,
these results show that beyond merely reduction, binding is also occurring as the
removed from the supernatant, and sorbed to the TGO nanocomposite.
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99

Tc is being

5.3.6

pH Effect on TGO for Pertechnetate Reduction by Broad Spectrum Xe Lamp
All previous experiments with TGO have been conducted at pH ~ 0.8. But due to the

varying speciation of TiO2 over a range of pH values, the capabilities of the TGO for photocatalytic
reduction of TcO4- at varying pH values was tested. In all experiments described above with TGO,
1 mL of 0.5 M H2SO4 has been utilized to prepare the reduction solution; this gives a pH<1. The
pH of the solutions for this experiment were adjusted by varying this 1 mL with various
concentrations of either H2SO4 or KOH. The total volume of the H2SO4/KOH was 1 mL for
consistency. The pH’s were measured with a Fisher Scientific Accumet AE 150 pH Benchtop
Meter. The isopropyl alcohol, substrates, and pertechnetate were added after adjusting the pH.
Final pH of the reaction solutions containing all the reactants was rechecked with pH paper, noted,
and not readjusted. Irradiations were conducted with TGO and irradiated with a Xe lamp for 20
hours. ITLC and LSC were both utilized to examine the effect pH has on the conversion of
pertechnetate in the reaction solutions and the resulting data can be found in Figure 5.28. The graph
shows that greater than 93% adsorption was observed for all pH values above 5.
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100

Rf=0.7
Rf=0.9

Percent of Total

75

Adsorbed

50

25

0
Control

1

5

7

11

13

pH
Figure 5.28 LSC and ITLC results for the supernatant of irradiated reactions of 99Tc with TGO under
various pH’s. This figure is constructed from ITLC and LSC data (Table 5.17).

pH

Rf=0.7

Rf=0.9

Adsorbed

Control

100

0

0

1

17

37

34

5

0

0

99

7

0

0

93

9

0

0

100

11

0

0

100

13

0

0

98

Table 5.17 LSC and ITLC data for the supernatant of irradiated reactions of 99Tc with TGO under
various pH values.
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5.3.7

X-ray Absorption Spectroscopy
Samples were sent to Stanford Synchrotron Radiation Lightsource (SSRL) for X-ray

Absorption Spectroscopy (XAS) analysis. Samples from previous TcO4- reductions using TiO2
from Professors Radivojevic and Burton-Pye were analyzed by XANES and EXAFS to determine
that TcO4- was primarily reduced to Tc(IV), vide infra. These samples were also analyzed by ITLC
and UV-Visible spectroscopy and obtained the signatures that we use here to assess the reduced
Tc and TcO4-. As of this writing, we are awaiting these data.

Substrate

Light Source

Supernatant/Particles

Physical State

S-TiO2

UV

Supernatant

Liquid

S-TiO2

UV

Substrate

Solid

C-TiO2

UV

Supernatant

Liquid

C-TiO2

UV

Substrate

Solid

S-TiO2

Sun

Supernatant

Liquid

S-TiO2

Sun

Substrate

Solid

C-TiO2

Sun

Supernatant

Liquid

C-TiO2

Sun

Substrate

Solid

TGO

Sun

Supernatant

Liquid

TGO

Sun

Substrate

Solid

GO

Sun

Supernatant

Liquid

GO

Sun

Substrate

Solid

Table 5.18 Sample details for XAS analysis.

5.3.8

Conclusion and Future Work
GO, TiO2, and TGO nanocomposites were synthesized and characterized by UV-Vis, FT-

IR, DTG, DSC, XRD, TEM, and EDX. These results confirm that there was a successful synthesis
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of the TGO. Interestingly, the presence of the GO peak in the TGO XRD indicates a strong
presence of intact GO character in the GO nanocomposites not observed previously by other
groups.
The photoreduction capabilities of these materials were analyzed with aqueous
pertechnetate. GO was found to have very poor reduction capabilities in all light sources. TiO2
proved to have high performance capabilities, converting more than 80% of pertechnetate in
solution to either a reduced species in the supernatant or adsorbed to the TiO2 using UV light and
broad-spectrum light sources. The most significant finding is the photoreduction capabilities of
TGO in sunlight. It was found to have 55% adsorption (KD=110 mL/g) and 43% conversion in the
supernatant, resulting in only 2% pertechnetate left in the sunlight sample. This is speculated to be
due to the effective shifting of the TiO2 absorption into the visible region. This high degree of
reduction was expected of this material in sunlight but producing 98% conversion exceeded the
expectations.
Future work for this project involves further characterization of the reduced species.
Samples of both the supernatant and substrates were sent to SSRL for analysis and will help
determine the speciation of 99Tc present in the irradiated solutions and on the nanoparticles. Based
on our previous XANES and EXAFS studies, vide infra, we postulate that the Tc speciation
involves Tc(IV) species, but further analysis should be done to confirm that hypothesis for these
specific TGO materials.
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